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1
Chapter 1

Introduction

Humans have been using subtractive and formative manufacturing methods for
thousands of years to shape materials such as metal, wood, ceramic, and, more
recently, plastic. Conversely, additive manufacturing is a relatively young technol-
ogy that offers new possibilities. The genesis of additive manufacturing, or 3D
printing, is intimately related to the emergence of the personal computer, enabling
the design of 3D objects and the control of 3D printers [1]. In particular, Chuck
Hull’s patent application for an “apparatus for production of three-dimensional
objects by stereolithography” in the year 1986 [2] and the subsequent commercial-
ization of 3D printers mark a milestone in additive manufacturing. However, the
idea of 3D printing dates further back [3].
In 1864, François Willème had already conceived a method to fabricate wooden
“photosculptures” from a series of angularly spaced photographs of an object [4].
Concepts thereof are reminiscent of “computed axial tomography”, a recent de-
velopment in 3D printing [5, 6]. About a hundred years later, with the invention
of the laser, the idea of 3D photopolymerization became popular, as evidenced
by a patent from the Battelle Memorial Institute [7], describing a process for
holographic recording in a photosensitive material using two intersecting beams.
Around the same time, the literature student Wyn Kelly Swainson filed a series
of patents for a method, materials, and an apparatus for 3D printing using two
intersecting light-beams of different wavelength [8] – a concept nowadays used in
light-sheet 3D printing [9–12].

Despite its short history, 3D additive manufacturing is part of a new industrial
revolution as it provides several advantages over traditional manufacturing pro-
cesses [1, 13]. Parts can be easily customized in additive manufacturing, which is
why it is referred to as “mass-customization technology” [1]. Even complex ge-
ometries may be manufactured using 3D printing while still being more resource
efficient than subtractive manufacturing. Parts do not need to be carved out of
larger blocks of material, and excess printing material can often be reused [13]. Ad-
ditionally, 3D printing can happen on-demand and thereby reduce the inventory
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1 introduction

risk. Furthermore, since users may transfer 3D model data stored on a computer
directly to a 3D printer, 3D printing is commonly referred to as “rapid prototyp-
ing” technology [1]. Unlike formative manufacturing, no molds are required. As
a result, product development timelines can be shortened. Finally, laser-based
3D printing has enabled the fabrication of 3D micro- and nanostructures [14].
While small parts like 100 µm large gears can still be manufactured by injection
molding, smaller parts remain difficult to produce through formative manufactur-
ing. Contrarily, using 3D laser micro- or nanoprinting, complex geometries with
sub-micrometer resolution can be fabricated, enabling new applications such as
3D bioprinting and micro- and nanooptics.

Despite all these advantages, 3D printing has not replaced subtractive and for-
mative manufacturing. For some applications, this may be due to the yet limited
choice of materials that can be 3D printed [1]. In general, the reluctancy to adopt
3D printing in mass production is due to the lack of economies of scale. Whereas
the cost per unit reduces dramatically for high-volume production in formative
processes like injection molding, the cost per unit is independent of the number
of fabricated parts in 3D printing [3, 13]. For a 3D printed part, the total cost
comprises material, energy, and device (depreciation) cost. Obviously, the device
cost can be reduced by making 3D printers more affordable. Alternatively, the
device cost could be amortized by increasing the printing throughput. In the past,
these two goals were mutually exclusive.

This thesis aims to provide concepts for faster and more affordable 3D printing
of high-resolution polymer parts. Two approaches have emerged to achieve high
printing rates in laser-based 3D printing. Either one decreases the necessary
exposure time per voxel, the building block of a 3D printed part, or multiple
voxels are exposed in parallel. In the first part of the thesis, both concepts are
applied in multi-photon 3D laser microprinting, i.e., rapid scanning of multiple
focused laser beams to achieve printing rates beyond 106 voxels s−1. Industrial
inkjet 3D printers achieve a comparable printing rate – albeit at a lower resolution.
I will show that scaling up this approach even further is costly due to the used
expensive ultrafast lasers. In the second part of this thesis, the requirement
for ultrafast lasers and their inherent limitations is bypassed by employing a
novel technique called two-step-absorption 3D printing. Using one-color two-step
absorption, 3D printing with 206 nm large voxels using an inexpensive laser diode
becomes possible. Finally, I will demonstrate that two-color two-step absorption
enables projection-based 3D printing of microstructures with thousands of focused
laser beams in parallel. Thereby, typical 3D printing jobs take less than a second.
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Outline of this thesis

In chapter 2, I summarize current techniques in 3D additive manufacturing by
comparing the voxel size and printing rate of 13 different 3D printing approaches.
Thereafter, I focus on photopolymerization 3D printing and explain the funda-
mental concepts of photoresin chemistry. Thereby, I provide a definition for the
term “voxel size” and discuss the importance of nonlinearities.

The remainder of the thesis is split into two parts. Part I covers the results on
rapid multi-focus multi-photon 3D printing.
In chapter 3, I discuss strategies to achieve high voxel printing rates in multi-
photon 3D printing. Aiming at parallelized multi-photon 3D printing, I briefly
review beam splitting techniques. I then describe the design, fabrication and
characterization of a diffractive beam splitter, which is used in a dedicated custom-
built multi-photon 3D printing setup. This setup is employed to print functional,
large-scale metamaterial crystals, the results of which are shown in chapter 4.
Following the discussion of the 3D printing results, I introduce the concept of a
next-generation multi-focus 3D printer.

Part II covers two-step-absorption 3D printing as a more affordable alternative to
multi-photon 3D printing.
First, I present the idea of one-color two-step absorption in chapter 5. With
the help of rate-model calculations, I establish the criteria for viable two-step-
absorption photoinitiators which need to assert the crucial nonlinear response of
the photoresin. Based on these criteria, two photoinitiator candidates for two-step
absorption are selected for subsequent experiments.

One of the two photoinitiator candidates, benzil, is introduced in chapter 6. First, I
discuss benzil’s intermediate-state properties. Then, benzil-containing photoresins
are characterized and used to fabricate 3D structures, including demanding 3D
resolution benchmarks, using a compact low-power laser diode. After comparing
these results with previous works, perspectives for the broad applicability of
two-step-absorption 3D printing are presented.

At the beginning of chapter 7, I introduce light-sheet 3D printing, which relies
on a two-color two-step-absorption photoinitiator. Biacetyl, the second two-step-
absorption initiator molecule selected, fulfills the criteria for a good two-color
two-step-absorption photoinitiator and is characterized in detail. In chapter 8, a
light-sheet 3D printer tailored for the biacetyl-containing photoresins is designed
from scratch. Finally, using this printer, complex 3D microstructures are fabricated
in a few hundred milliseconds – as fast as the blink of an eye.

In chapter 9, I summarize this thesis and provide an outlook on future develop-
ments.
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2
Chapter 2

Fundamentals

In this chapter, I will explain the basic terminology and concepts encountered
in additive manufacturing. The first section will provide a broad overview of
various three-dimensional (3D) printing methods. I will then focus on photopoly-
merization 3D printing, for which I explain the basic 3D printing workflow and
introduce the photoresin threshold and accumulation model. Finally, we will look
at the photochemical processes during the radical polymerization of photoresins.

2.1 3D Additive Manufacturing

According to the ISO/ASTM norm 52900, 3D additive manufacturing, more
commonly known as “3D printing”, is defined as the “process of joining materials
to make parts from 3D model data. . . ” [15]. The elementary volume building
blocks in 3D additive manufacturing from which parts are assembled are called
“voxels”, named in analogy to its 2D equivalent, the pixel. Voxels play a central
role in 3D printing. First, because the fabrication time of a 3D part scales with
the number of voxels needed to assemble the part, making high voxel printing
rates desirable Second, because the “smallest part feature that can controllably
be built” [15] is governed by the voxel size (see section 2.5), making small voxel
sizes worthwhile to achieve a high printing resolution. However, for a constant
voxel printing rate, a smaller voxel size directly entails a lower volume printing
rate. Therefore, the ideal voxel size is a trade-off between adequate part resolution
and a tolerable printing time. In the following, these two figures of merit, the
voxel size and the voxel printing rate, are gathered and surveyed for results
of thirteen different 3D printing methods. The two figures of merit, the voxel
size (in units of mm) and the voxel printing rate (in units of voxels s−1), are
summarized for various 3D printing methods in the double-logarithmic diagram
in Figure 2.1. The figure shows the voxel size on the horizontal axis, covering
voxel sizes from the millimeter to the sub-micrometer range. On the vertical
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Figure 2.1: Comparison of the printing rate and the voxel size of different 3D
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(data taken from Ref. [28]), 2012-3 [29], 2014 [30], 2014-2 [31], 2014-3 [32], 2014-4 [33],
2015 [34],2015-2 [35], 2015-3 [36] (data taken from [21]), 2015-4 [37], 2016 [38], 2016-
2 [39], 2017 [40], 2017-2 [28], 2018 [41] (preprint published in 2018), 2018-2 [42],
2018-3 [43], 2019 [5], 2019-2 [44], 2019-3 [45], 2019-4 [46], 2019-5 [47], 2020 [48],
2020-2 [6], 2020-3 [49], 2020-4 [50], 2020-5 [11], 2021 [51], 2021-2 [52], 2021-3 [53],
2022 [54], and 2022-2 [12]. This Figure is adapted from Refs. [12, 48] (CC BY 4.0).
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2 .1 3d additive manufacturing

axis, the total peak printing rate is shown, spanning the range of 0.1 voxels s−1

to 108 voxels s−1. Some of the printing methods are massively parallelized, e.g.,
multi-focus, multi-nozzle, and projection-based 3D printing methods. This is
taken into account by plotting the total peak printing rate. Unfortunately, there is
no established universal 3D printing benchmark structure for which the voxel size
and printing rate of different 3D printing methods can be directly compared. Such
a benchmark structure would include any overhead time, e.g., mechanical settling
times or post-processing times. Since this data is not available for all 3D printing
methods, the peak printing rate is summarized in Figure 2.1. The denoted voxel
size is the average of the longest and shortest voxel dimension for anisotropic
voxels. The labeled gray diagonals indicate a constant volume print rate. The data
points are labeled with the publication year as reference code, which is linked to
literature references in the Figure caption. Numbers in parentheses indicate the
number of laser foci or dispenser nozzles used if this information is disclosed. An
ideal 3D printer, that is a 3D printer with a small voxel size and a high printing
rate, is located towards the top right in the diagram. In the following, the different
print methods are briefly presented and discussed in the sequence of the legend
entries.

Multi-Photon 3D Printing

In multi-photon 3D printing (MPP), also referred to as two-photon printing (2PP)
or direct laser writing (DLW) [55], a focused femtosecond-pulsed laser beam is
scanned through a liquid photoresin. At the laser focus position, high peak inten-
sities electronically excite photoinitiator molecules by two-photon absorption (or,
in general, multi-photon absorption). The excited photoinitiator molecules trigger
a chemical reaction that solidifies the liquid photoresin. In the development step,
The remaining liquid photoresin is removed in a solvent bath. Early implementa-
tions of multi-photon 3D printing were demonstrated in 1991 by Strickler et al. [56]
and Maruo et al. [14]. In these works, primarily acrylic photoresin mixtures were
used. In the meantime, the palette of printable materials also encompasses hydro-
gels [57], metals [58], and even fused silica [59]. Remarkably, already in the early
publications, a lateral voxel size smaller than 1 µm was achieved. Sub-micrometer
axial and lateral voxel sizes are routinely reported for a high numerical aperture
(NA) of the focusing lens. However, the voxel size also depends on the photoresin
properties, e.g., the viscosity and quencher concentration [60, 61]. For single-focus
3D printing, maximum printing rates of 106 voxels s−1 are achieved [62]. The
printing rate is governed by the scanning mechanism, which is discussed in detail
in section 3.2.
Multi-focus multi-photon 3D printing is a variant in which several laser foci are
scanned simultaneously. Since the foci are not scanned independently, this method
is suitable for 3D structures containing repetitive 2D patterns. Complete flexibility
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is retained in the axial direction and outside the focus array. The first demon-
strations of this technique go back to 2005, with as many as 227 foci scanned in
parallel [16]. The data point labeled “2020” corresponds to the results obtained
with the multi-focus 3D printing setup that is presented in chapter 3 and chapter 4.
Multi-focus multi-photon with densely packed foci is problematic, since the inter-
ference of the coherent foci along the optical axis lead to Talbot planes [63, 64].
In the extreme case of projecting entire planes, the intensity decays only slowly
along the optical axis. Instead of a plane, a block would be printed.
To mitigate this problem, temporal focusing has been introduced. In temporal
focusing, the spectral components of the laser beam are displaced and coincide
only in the focal plane. Thereby, short pulses and hence high peak intensities are
only obtained in the focal plane. This technique is exploited in projection-based
temporal-focusing multi-photon [47, 52]. There, amplified ultrafast pulsed lasers
are used to project an entire display into the liquid photoresin, and thereby, as
many as 1000 voxels are exposed by a single laser pulse [52]. Temporal-focusing
multi-photon 3D printing profits further from the pulse-front tilt of the spectrally
dispersed laser beam [65], leading to a line-scan effect of the focal plane [66].

Two-Step-Absorption 3D Printing

In two-step-absorption 3D printing, similar to multi-photon 3D printing (see
above), a focused laser is scanned through a liquid photoresin, which comprises a
two-step-absorption photoinitiator. Importantly, the photoinitiator only triggers
a polymerization reaction when two photons are absorbed stepwise in rapid
succession, which is more likely at high intensities, i.e., in the vicinity of the laser
focus. The two-step absorption process can happen within one molecule [53] or in
two molecules that transfer energy, e.g., in a triplet-triplet annihilation process [54].
In contrast to multi-photon 3D printing, continuous-wave (cw) laser diodes can
be used at low laser powers, enabling compact and low-cost 3D printing setups.
In chapter 6, results of two-step-absorption 3D printing are presented, for which
voxel sizes of 200 nm and printing rates up to 2 · 104 voxels s−1 are achieved [53].

Electron Beam Induced Deposition

In (focused) electron-beam induced deposition (EBID), which is similar to focused
ion-beam induced deposition, an electron beam is scanned through a low-pressure
gas, depositing molecules from the vapor phase on a solid substrate [67]. A
variety of dissimilar materials can be printed [67], however, at comparatively
low voxel printing rates, which are on the order of 1 voxel s−1. Furthermore,
some geometries, e.g., lines perpendicular to the electron-beam, cannot easily be
printed [42, 68]. Where EBID excels is in the achieved voxel size, which is only
about 100 nm in size.
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Aerosol-Jet 3D Printing

Aerosol-jet 3D printing (AJ) is a relatively young 3D printing technique in which
a jet of charged ions and charged aerosols are deposited by electrostatic lenses on
an electrically biased substrate [51]. While the maximum demonstrated printing
rate of 233 voxels s−1 is still comparatively slow, the voxel size of 100 nm is on par
with the small voxels achieved in EBID. Furthermore, the process happens in a
dry atmosphere, i.e., without a photoresin or an ink. So far, the printing of several
metals has been demonstrated.

Selective Laser Sintering

In selective laser sintering (SLS) and the related selective laser melting, a laser
beam is focused on a flat bed of powdered material, which is thereby fused [69].
After one layer is fully exposed, a fresh layer of powder is dispensed, which is
again scanned by the laser. Thereby, no support material is required. The voxel
size is influenced by the powder grain size, which is on the order of 250 µm. For
commercially readily available devices, peak printing rates of about 105 voxels s−1

are specified [38, 39].

Electrochemical Printing

In electrochemical printing (ECP) and the related electrohydrodynamic redox
printing, metallic 3D structures are printed by locally reducing solvated metal
ions in an electrochemical reaction on a conductive substrate [45, 50]. So far,
printing rates up to 10 voxels s−1 and minimum voxel sizes of almost 200 nm are
reported [45, 50].

Direct Ink Writing

In direct ink-writing (DIW), a nozzle deposits liquid ink while scanning over
a substrate. On the substrate, the ink solidifies, for example, by coagulation or
thermal curing [17, 32, 70, 71]. Since either the sample or the nozzle is mechanically
actuated, the printing rates are comparatively low, with peak printing rates of
less than 103 voxels s−1. On the other hand, the achieved voxel size spans several
orders of magnitude from 0.5 mm to 1 µm.

Fused Filament Fabrication

The probably most popular 3D printing method is fused filament fabrication (FFF),
in which solid thermoplastic filament is heated and molten in an extrusion nozzle
before it is deposited on a substrate. Similar to DIW, the sample or the extrusion
head are mechanically scanned, leading to printing rates of below 1000 voxels s−1.
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The voxel size depends on the nozzle diameter and is typically on the order of
500 µm.

Inkjet Printing

Here, inkjet printing (IJ) summarizes two methods. The first method is binder
jet 3D printing, which is similar to SLS in that powdered material is fused layer
by layer. In contrast to SLS, the powder is not fused optically but by a liquid
binding material deposited by an array of inkjet print nozzles. After printing, the
hot powder bed is cooled, and unused powder is vacuumed off the 3D object.
The voxel size of these methods is limited by the typically 50 µm large powder
grains, which is comparable to the inverse of the resolution at which the print
head dispenses binder material. A voxel printing rate close to 107 voxels s−1 is
deduced from the volume printing rate. However, it must be emphasized that the
printing rate value is an estimate and directly depends on the voxel size, which
was not characterized in detail yet.
Polyjet 3D printing is the second method summarized in the IJ category. In
polyjet 3D printing, droplets of photosensitive resin are deposited by an inkjet
print head and subsequently cured by a UV lamp. In contrast to binder jet 3D
printing, support material for overhanging features is necessary, requiring manual
post-processing of 3D printed parts. For commercially available devices, a voxel
size of 30 µm and a printing rate of 106 voxels s−1 are specified. Again, detailed
resolution benchmark structures are yet missing. Noteworthy, in both methods,
binder jet and polyjet 3D printing, multiple materials can be included easily in
one 3D printed part.

Stereolithography

The term stereolithography (SL), which is derived from the Greek words στερεός
(“solid”), λίθος (“stone”), and γράφειν (“to write”), is directly associated with
Chuck Hull’s infamous patent application from the year 1984 [2]. In SL, a pho-
tocurable liquid resin is photochemically cured layer-by-layer by scanned or
projected ultraviolet (UV)-light. Two approaches exist. In the original top-down
approach, the uppermost layer of the liquid photoresin is optically exposed, after
which the solidified object is lowered into the photoresin vat. In the bottom-up
approach, the light exposes the photoresin through a transparent window at the
bottom of the photoresin container, and the exposed object is lifted out of the
photoresin vat. A waiting time is necessary between subsequent layer exposures
in both approaches, a. In the bottom-up approach, the liquid resin needs to level
due to the sample’s drag [25]. In the top-down approach, the printed layer must
be slowly delaminated off the vat’s bottom window. Thus, typical printing rates
are on the order of 103 voxels s−1[25, 27, 33] (some data points are extracted from
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Fig. 4 in Ref. [28]). The photoresin’s extinction, which is typically enhanced
by nonreactive UV-absorbers [25], limits the penetration depth of the UV light
and thereby constraints the layer height. So far, voxel sizes down to 10 µm were
achieved.

Continuous Liquid Interface Production

Continuous liquid interface production (CLIP) is similar to projection-based
bottom-up SL, with the difference that the window at the bottom of the pho-
toresin vat is oxygen permeable [37]. Thereby, right above the window, the oxygen
concentration in the photoresin is increased. The solvated oxygen locally sup-
presses the polymerization reaction of the liquid photoresin, leading to a “liquid
interface” between the window and the first printed layer. Thereby, the delamina-
tion waiting time is rendered unnecessary, and the printing rate is increased, with
reported printing rates exceeding 106 voxels s−1 and voxel sizes of approximately
100 µm [37]. In a further advancement of CLIP, the considerable heat generated in
the photochemical processes is removed by placing the photoresin atop of an inert
immiscible liquid stream, which continuously cools the photoresin [46].

Light-Sheet 3D Printing

Light-sheet 3D printing (LS3DP) is a projection-based 3D printing method in which
slices of the printed object are projected into a liquid photoresin by light of a first
wavelength. In contrast to CLIP or SL, the projected image is superposed with a
flat light-sheet beam of a second, different wavelength. The photoresin is designed
to polymerize only in locations irradiated by both wavelengths simultaneously,
which can be thought of a logical AND-gate for light. Although the idea of light-
sheet 3D printing was only recently published [9–11], the idea of two intersecting
light beams triggering polymerization dates back to the earliest patents on 3D
printing in general [3, 8]. In chapter 8 of this thesis, light-sheet 3D printing results
with a voxel printing rate of 7 · 106 voxels s−1 and a voxel size of less than 2 µm
are presented [12].

Computed Axial Lithography

In computed axial lithography (CAL), a liquid photoresin is exposed to projections
of the printed object from multiple angles. Therefore, 2D images are projected
into a rotating photoresin-filled vial. While implementations of such volumetric
3D printers are recent, the idea of reconstructing 3D objects from a sequence of
angularly spaced projections dates at least back to a patent from 1864 by François
Willème [3]. So far, printing rates of up to 3 · 103 voxels s−1 and voxel sizes of
80 µm have been published [5, 6, 28].

15



2 fundamentals

substrate

photoresin z

x

y
a b c d

Figure 2.2: Photopolymerization 3D printing workflow. a, The substrate is coated
with a photoresin. b, The bridge-like structure is 3D printed by scanning a focused
laser beam in a line-by-line and layer-by-layer fashion. c, After 3D printing, the object
is immersed in a developer solution (not depicted). d, The final 3D printed object.
This Figure is based on Fig. 1a from Ref. [75].

2.2 Photopolymerization 3D Printing Workflow

In this thesis, three different photopolymerization methods are employed, multi-
photon 3D printing, two-step-absorption 3D printing, and light-sheet 3D printing.
For multi-photon 3D printing and two-step-absorption 3D printing, the process
workflow is shown in Figure 2.2. First, a negative-tone liquid photoresin is
dispensed on a flat, transparent glass substrate, e.g., a microscope coverslip. The
substrate is then mounted close to the focal plane of the objective lens in the
3D printing setup. Originally, multi-photon printing was done exclusively in
the “immersion” configuration, in which the laser beam is focused through some
immersion medium and the transparent substrate into the photoresin. Thereby, the
maximum build height is limited due to optical aberrations and, ultimately, the free
working distance of the objective lens. In the alternative “dip-in” configuration,
the microscope objective lens is directly immersed in the photoresin [72]. Thereby,
larger build heights are possible, and thick or opaque substrates can be used, e.g.,
optical fibers [73] or camera sensors [74]. Then, layer-by-layer, the photoresin is
exposed and solidified by scanning the laser focus along a predefined trajectory
through the photoresin.

Conceptually, the light-sheet 3D printing process shares similarities with the dip-
in laser-scanning 3D printing process. However, in light-sheet 3D printing, the
substrate is immersed in a vat of liquid photoresin. Further details are discussed
in chapter 8.

After printing, the residual photoresin is washed-off in a solvent bath, e.g., in
acetone, which only takes a few minutes. Optionally, to preserve delicate features
in samples, the sample can be supercritically dried in CO2. Therefore, the acetone-
immersed sample is placed in a pressure-resistant chamber and cooled to 14 ◦C.
Next, the acetone is exchanged by high-pressure liquid CO2, after which the
sample is heated above the critical point of CO2, and the sample chamber is
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2 .3 the threshold model

Figure 2.3: The threshold model illustrated. a, 3D isosurfaces of the squared intensity
of an 800 nm wavelength laser beam, focused with an NA of 1.4. b, Dose profiles
along the z-direction, as indicated by the black dashed line in a. c, Dose profile along
the y-direction. The intensities I are calculated via the squared absolute value of the
electric field. This Figure is based on Fig. 2.8 in Ref. [76].

gradually depressurized. This automated process takes about 60 min and is
performed in the EM CPD300 Auto (Leica Microsystems GmbH). In contrast to
other 3D printing methods [5, 11, 52], no other post-processing step, like baking
or UV-curing, is necessary for the structures presented in this thesis.

2.3 The Threshold Model

The photochemical processes involved when exposing a photoresin are an inter-
play of radical generation, chain propagation, chain termination, and molecular
diffusion. Solving the corresponding differential equations is a nontrivial task [60,
77]. In practice, a good approximation is given by the photoresin “threshold
model”, in which the complex photochemical processes are simplified by assum-
ing that the photoresin solidifies only in locations where the exposure dose D
exceeds the threshold dose Dth. For a single point exposure, the locally deposited
dose D is given by

D ∝ IN · texp, (2.1)
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Figure 2.4: The accumulation model illustrated.
In the accumulation model, the doses from three
sequential, laterally displaced exposures (blue
curves) add up (red curve). Hence, individual
sub-threshold exposures can also lead to an ac-
cumulated dose above the threshold (red shaded
area) and thereby to a solid voxel. This Figure is
based on Figures in Refs. [80, 81]. -250 0 250

y / nm

0

0.5
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where I is the intensity, i.e., the optical power per unit area1, texp the exposure
time, and N the nonlinearity exponent, sometimes also referred to as “effective
order of absorption” [78], which is N = 2 for canonical two-photon absorption. In
polymer chemistry, the threshold, or more precisely the “gelation threshold”, is
formally defined via the resulting material’s bulk and loss modulus [79]. For the
3D microprinting results presented herein, the threshold dose is reached when an
exposed volume withstands the development procedure and can be observed, for
example, with a microscope.

Figure 2.3 illustrates the thresholding process for N = 2 and a single voxel exposed
by two differently intense laser beams. Note that the colors in the Figure do not
encode a laser wavelength. The more intense laser beam results in the red voxel,
with a lateral voxel diameter equal to the 220 nm squared intensity full-width
half-maximum (FWHM) diameter. The less intense blue-colored beam, on the
other hand, results in a voxel with a 130 nm lateral diameter. By decreasing the
laser power even further, the voxel size can be made arbitrary small – at least in
the context of the threshold model. This aspect will be addressed again below in
section 2.5.

2.4 The Accumulation Model

At this point, we have not answered the question of how the resist behaves with
respect to multiple temporally or spatially displaced exposures. This question is
answered by the “accumulation model”, which states that the photoresin locally
adds up the doses of all exposures. In other words, the photoresin has an infinite
memory of previous exposures. In fact, this assumption was tacitly made by the
linear product with the exposure time texp in Equation 2.1. More formally, the

1 The correct radiometric name for I is “irradiance”. Following the convention in the field of 3D
printing, it is referred to as “intensity” in this work.
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"y = 220 nm Figure 2.5: The Sparrow criterion in two-photon
3D printing. The accumulated dose profile (red
curve) of two point exposures (blue curves), lat-
erally separated by ∆y = 220 nm, has only a very
shallow local minimum. This minimum vanishes
for a slightly smaller spacing, ∆y = 200 nm, mark-
ing the two-photon Sparrow resolution criterion.
The curves are calculated for 800 nm wavelength,
nonlinearity exponent N = 2, and a numerical
aperture of NA = 1.4.

total local dose obtained by multiple exposures is given by the integral

D
(
x, y, z

)
∝
∫

IN (x, y, z, t
)

dt, (2.2)

where I
(
x, y, z, t

)
is the local intensity. The consequences of the accumulation

model are illustrated in Figure 2.4, where three sub-threshold exposures (blue
curves) add up to yield a total dose above the threshold (red curve) and thereby
a solid voxel. The validity of the accumulation model is limited. For instance,
photoresin diffusion processes, which may impact 3D printing results [60, 77], are
neglected.

2.5 On the Voxel Size and the Resolution

Within the threshold model, the diameter of an individual voxel or the width of
an isolated line does not have a lower limit and can be made arbitrarily small by a
sufficiently low exposure intensity. Naively, one could also assume that gratings
with an arbitrarily small pitch can be printed. However, as a consequence of the
accumulation model, this is not the case.

Figure 2.5 illustrates the accumulated dose profile for two point exposures, spa-
tially separated by ∆y = 220 nm. At y = 0, the accumulated dose has a shallow
minimum. This minimum can be lowered underneath the threshold dose by
carefully decreasing the exposure intensity, resulting in two separated voxels.
However, for a slightly narrower spacing of ∆y = 200 nm, the local minimum
vanishes, and the two exposures cannot be separated anymore, i.e., they are not
resolved. According to the Sparrow criterion, the resolution is defined as the
minimal distances ∆y for which the total accumulated dose still exhibits a (lo-
cal) maxima. In photopolymerization 3D printing, Sparrow’s criterion limits the
achievable resolution. Note that for the hypothetical case of a forgetful photoresin,
i.e., a photoresin that does not obey the accumulation model, also the resolu-
tion is fundamentally unlimited. However, so far, no practical viable forgetting
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photoresin has been demonstrated.

According to Sparrow’s criterion, the resolution depends on the laser focus point
spread function (PSF). The PSF in turn depends on the free-space wavelength λ
and the numerical aperture

NA = n sin (θ) , (2.3)

where n is the refractive index of the focused beam’s immersion medium and θ is
the maximal half-angle of the focus cone. Furthermore, since the deposited dose
is proportional to IN, the resolution also depends on the nonlinearity N of the
photoresin. An approximation for the lateral resolution is given by [82]

∆y =
1√
N

λ

2 NA
, (2.4)

and likewise for the axial resolution

∆z =
AR√

N
λ

2 NA
. (2.5)

In the latter formula, AR is the aspect ratio of the exposure volume, which depends
on the numerical aperture NA and the refractive index n. For the parameters used
in the calculation shown in Figure 2.5, the Equations 2.4 and 2.5 yield ∆y = 203 nm
and ∆z = 508 nm.

In summary, the diameter of an isolated voxel or the width of an isolated line
is not fundamentally limited in photopolymerization 3D printing, whereas the
resolution has a lower limit. Therefore, when referring to the “voxel size” in this
thesis, the minimum feature size that can be achieved “in a general complex 3D
architecture” [66] is meant. Within some margin, this definition of the voxel size
agrees with the definition of “resolution” in the corresponding ISO/ASTM 52900

norm [15], stating that the resolution is given by the “dimensions of the smallest
part feature that can controllably be built”.

2.6 Why Nonlinearities Matter

When looking carefully at the photopolymerization 3D printing methods pre-
sented in section 2.1, besides CAL, all of them rely on some form of nonlinearity,
e.g., multi-photon absorption or an exponential intensity decay in the photoresin.
These nonlinearities are necessary to confine the optical excitation spatially. To
understand this requirement, consider the case of 3D printing without nonlineari-
ties, i.e., by (linear) one-photon absorption in a sufficiently transparent photoresin,
such that the intensity decays slowly along the optical path. Upon exposure,
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N = 1 N = 2 Figure 2.6: Total dose per layer
for a single-voxel exposure us-
ing one-photon and two-photon
absorption. For N = 1 (left
panel, blue line), the total dose
DΣ is constant over z, whereas
for N = 2 (right panel, red line),
DΣ rapidly decays for locations
away from the focal plane. Calcu-
lations are for a Gaussian beam
with 800 nm wavelength, 300 nm
waist, and a refractive index of
1.5. Based on Fig. 2.3 of Ref. [76].

light is absorbed along the entire optical axis, i.e., the z-axis. For a single-voxel
exposure with a focused beam, the intensity I is highest in the focus and decays
quadratically in the cones of the focused beam, sufficiently far from the focal
plane. Thus, the deposited dose D is maximal in the focus, allowing the printing
of single voxels. Note, however, that the number of photons absorbed within each
z-layer and hence the total dose per z-layer is constant2, i.e.,

DΣ (z) =
+∞∫∫

−∞

D
(
x, y, z

)
dx dy ≈ const. (2.6)

This constant deposited dose is illustrated in the middle plot of Figure 2.6. The
constant total dose becomes problematic when exposing an infinitely extended
plane perpendicularly to the beam propagation axis. Then, by symmetry, the total
dose deposited in the photoresin is constant everywhere, and one does not obtain
the desired plane but an entire block. Hence, an exponent of N = 1 cannot be
used to 3D print arbitrary geometries.

For larger exponents, i.e., N > 1, DΣ (z) is not constant anymore (see Figure 2.6)
but is maximal in the focal plane. In this case, extended planes and other complex
geometries can be printed.

The different 3D printing results for excitation with N = 1 or N = 2 are exempli-
fied by printing a small table in Figure 2.7. There, the two different free-space
wavelengths, 400 nm and 800 nm, are used to mimic a real-world example, where
larger photon energies are necessary for exciting the same photoresin by one-
photon absorption instead of two-photon absorption. Since the dose is propor-
tional to the squared intensity for two-photon absorption (N = 2), the voxel size is
2 This is only true when neglecting the weak intensity decay due to the photoresin’s extinction.
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Figure 2.7: Comparison of 3D nanoprinting with one-photon absorption and two-
photon absorption. a, Dose isosurfaces of a tightly focused beam (NA = 1.4)
exposing a single voxel via one-photon absorption (N = 1, blue, 400 nm) or via
two-photon absorption (N = 2, red, wavelength 800 nm) for D = IN = 167 % · Dth,
D = 200 % · Dth, and D = 333 % · Dth of the threshold dose Dth. b–d, Calculated dose
isosurfaces when printing a 3D table with the voxels shown in panel a. The voxels
are spaced by 200 nm. Despite the smaller voxels, large proximity effects can be
observed for the one-photon 3D print attempt. This Figure is adapted from Ref. [83]
(CC BY 4.0).

only larger by a factor of
√

2 than for one-photon absorption (N = 1). Three differ-
ent exposures are considered, with single-voxel exposure doses of D = 167 %Dth,
D = 200 %Dth, and D = 333 %Dth. While a single voxel is well resolved in both
cases, one-photon absorption and two-photon absorption, the table is only ad-
equately reproduced for two-photon absorption, and no processing window is
available for one-photon absorption 3D printing. For low one-photon absorption
doses, the center of the table is overexposed, whereas the periphery is corrugated
by the voxel shape. For higher doses, the entire structure is overexposed.

It must be emphasized again that both, the threshold model and the accumulation
model, describe the behavior of an idealized photoresin and do not account for
nonlinear chemical processes or diffusion processes. Under extreme conditions,
e.g., for long voxel exposure times or slow scan speeds, such processes potentially
allow 3D printing using one-photon absorption. Examples thereof are again
addressed in section 6.4.
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2 .7 photoinitiation

2.7 Photoinitiation

On a more fundamental level, the photochemistry in the photoresin is described
by a set of chemical reactions. The initial step of the chemical crosslinking
reaction in photopolymerization 3D printing is triggered by the absorption of
light in a photoinitiator molecule. In the widely used free radical polymerization
(see section 2.8), the photoinitiator then decays into polymerization initiating
radicals I•. In more detail, the photoinitiator molecules are optically excited from
the singlet ground state S0 to a higher singlet state Sn. From this excited state,
the molecule decays either directly to radicals or after intersystem crossing to the
triplet manifold [84],

I
hν

I•. (2.7)

The optically excitable chromophore in many photoinitiators is a ketone [84]

R R’

O

,

which has two typical radical decay reactions: the Norrish Type I and the Norrish
Type II reaction. It should be emphasized that other photoinitiating mechanisms
exist [84].

Norrish Type I reaction

The majority of commercially available photoinitiators, like Irgacure 369 or Ir-
gacure 819, are so-called Norrish type I initiators [84], which fragment into two
radicals from the excited state [84]. This fragmentation happens by a homolytic
α-cleavage, i.e., the carbon-bond next to the keto-group is cleaved. For an efficient
bond scission reaction, sufficient energy must be provided [84]. Typical bond
scission energies are approximately 3 eV.

Norrish Type II reaction

If the bond-scission energy exceeds the provided photon energy, the Norrish type
I reaction becomes improbable. In this case, an excited photoinitiator molecule
may still abstract a hydrogen atom from a nearby hydrogen-donating group [84].
These Norrish type II photoinitiators are most efficient in the presence of a
hydrogen-donating coinitiator like tertiary amines or an abstractable hydrogen in
the gamma-position of the ketone.
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2.8 Free Radical Polymerization

After photoinitiation, a liquid (negative-tone) photoresin is solidified in a poly-
merization reaction, in which short-chain monomer units grow to large-molecular-
weight polymers. Of the many established polymerization reactions in photopoly-
merization 3D printing, free radical polymerization is used herein. This reaction
can be divided into four steps: radical generation (see section 2.7), chain initiation,
chain propagation, and chain termination. The latter three steps are discussed in
the nomenclature of Ref. [85].

Chain Initiation

In the second step of the free radical polymerization, generated radicals attack
and attach to monomer groups, which then become a radical themselves. In this
step, a polymer chain is initiated.

I• + M I−M1
•. (2.8)

For an acrylic monomer, this reaction proceeds as follows:

O

O
R

O

O
R

I
I +

Here, R is a rest group. Other polymerizable groups used in free radical polymeri-
zation include methacrylates or styrenes, which are, however, less reactive [86].

Chain Propagation

During the chain propagation, monomer radicals continue to attack other mono-
mer groups in a chain reaction, increasing their molecular weight. Consequently,
the photoresin’s viscosity increases, which gradually slows down the diffusion-
driven polymerization process [87].

R−Mi
• + M R−Mi+1

• (2.9)

Again, R denotes a rest-group, which may be an initiator fragment I. If a multifunc-
tional monomer, i.e., a monomer with multiple attached acrylate groups, is used,
the R group may also be another acrylate group, leading to highly crosslinked
polymers.

Chain Termination

The chain propagation can be terminated by one of several processes. In the
radical-radical recombination, two radical groups react with each other and yield
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a nonreactive product. This process is more likely for high concentrations of
radicals.

R−Mi
• + R• R−M−R (2.10)

Alternatively, two radicals can disproportionate if a hydrogen atom is transferred
from one radical to another. However, the thereby created double-bond is prone
to subsequent radical attacks [85].

R−Mi−M• + R−Mj−M• R−M−M + R−Mj −−M (2.11)

The radical propagation can also be inhibited or terminated in a radical scavenging
process by a scavenger molecule X (also referred to as quencher). These molecules
may then yield a stable radical which does not propagate further [85]. One
prominent scavenger is oxygen [88], which scavenges radicals at a diffusion-
limited rate in typical viscous monomers [88]. In fact, the scavenging reaction is
so fast that during a polymerization induction period, the chain initiation and
propagation reactions are inhibited until all scavengers are locally consumed [88].
In the oxygen scavenging process, peroxy radicals are formed, which tend to not
re-initiate the polymerization, but recombine readily [89].

R−Mi
• + X R−Mi−X• (2.12)

The polymerization threshold directly depends on the concentration of scavengers
present in the photoresin [60], which may lead to the conclusion that scavengers
should be removed to obtain a low polymerization threshold. However, it was
observed that scavenger-free photoresins lead to a loss of resolution in 3D laser
nano- and microprinting [60, 81].
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multi-focus 3d microprinting





3
Chapter 3

A Setup for Multi-Focus

Multi-Photon

3D Microprinting

Close-up view of the tube lens, mounted in the multi-focus multi-photon 3D microprinting setup.

In this chapter, a multi-focus multi-photon 3D microprinter is presented. First, I will
review different methods of laser beam splitting, including diffractive beam splitting. Next,
the design, fabrication, and characterization of a diffractive beam splitter is discussed in
detail. Finally, a setup specifically tailored for multi-focus 3D microprinting is described,
including the electronic control of its components.
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3.1 Power Scaling in Multi-Photon 3D Printing

One central aim in multi-photon 3D printing, as in other 3D printing methods,
is to achieve high printing rates. To achieve high printing rates, two strategies
have emerged: rapid scanning of the laser focus and printing with multiple foci in
parallel. In the comparison of the total peak printing rate of different 3D printing
methods in Figure 2.1, several multi-focus multi-photon 3D printing techniques
are compared [16, 18, 23, 34, 35, 44, 49, 90]. Noteworthy, all of them are slower
than the fastest single-focus multi-photon 3D printer [41]. At this point, one could
dismiss this finding as a result of a technique that, in contrast to its single-focus
pendant, is not yet fully optimized. However, the lower printing rates can also be
explained by a more fundamental cause – the power scaling in multi-photon 3D
printing.

For the model of multi-photon absorption 3D printing presented in section 2.3 and
for fixed focusing conditions, the threshold dose Dth deposited in the photoresin is
proportional to product of the exposure time texp times the threshold laser power
Pth to the power of the nonlinearity exponent N, i.e.,

Dth ∝ texp PN
th = const. (3.1)

For a canonical two-photon absorption process, N = 2 (see section 2.6). For
multi-photon absorption, N may be even larger than 2 [91, 92]. By substituting
the exposure time with the inversely proportional scan speed vscan and solving
for the threshold power, one obtains

Pth ∝ N
√

vscan. (3.2)

When printing with K foci in parallel, the total power PΣ = KPth becomes

PΣ ∝ K N
√

vscan. (3.3)

The total printing rate p is also directly related to the scan speed via

p = K
vscan

dFWHM
, (3.4)

where dFWHM is the voxel size.

Equation 3.3 has a profound consequence on the power scaling in multi-photon
3D printing, which is illustrated by the following example. Consider the case of
single-focus two-photon 3D printing, i.e., N = 2, and fixed focusing conditions,
i.e., dFWHM = const. To increase the printing rate p by a factor of 100, one can
either scan 100 faster or print with 100 foci in parallel. When increasing vscan
by a factor of 100, the total laser power PΣ increases, but only by a factor of 10.
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Figure 3.1: Double-logarithmic
plot of the total laser power versus
the focus velocity in two-photon
absorption 3D printing. The
series of blue lines (red lines)
indicate a constant voxel exposure
dose (constant printing rate of
107 voxels s−1) for different integer
numbers K of foci scanned in
parallel. The crossings of a blue
and a red line for a given K are
highlighted by green dots. The
solution for single-focus scanning
(K = 1) yields the largest required
scan speed, but also the lowest total
power. This Figure is adapted from
Ref. [83] (CC BY 4.0).

In contrast, when printing with K = 100 foci in parallel, the total laser power
PΣ increases by a factor of 100. Thus, for two-photon 3D printing at given voxel
printing rate, it is more power economic to scan a single laser rapidly than to scan
several foci slowly.

The nonlinear power scaling is also illustrated for a nonlinearity exponent N = 2
in the double-logarithmic diagram shown in Figure 3.1. There, the total (av-
erage) laser power is plotted versus the scan speed in voxels per second. For
four different numbers of foci K, lines of constant exposure are drawn in blue.
Additionally, vertical lines of the constant total printing rate 107 are drawn in red.
The crossings of lines for a given K are highlighted by green dots, which show
that the lowest total average laser power is required when scanning with one focus
at the maximum scan speed. The values are calculated for two-photon absorption.
For yet higher orders of absorption, the advantage of scanning with a single focus
becomes yet more drastic.

However, there is an upper limit for the single focus printing rate, imposed by the
pulsed laser’s repetition rate. Each single voxel must be exposed to at least one
laser pulse, which is emitted every 12.5 ns by typical 80 MHz repetition rate laser
oscillators. For the condition of a single-pulse exposure, a threshold laser power
of 110 mW can be extrapolated from the point exposure experiments shown in
Fig. 3c in Ref. [77]. This is almost 30 times lower than the 3 W output power of
typical femtosecond-pulsed Ti:Sa lasers used in multi-photon 3D printing [48, 83].
Thus, since the voxel printing rate is currently not limited by the laser power but
by the laser scan speed, parallelized multi-photon printing is an attractive avenue
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3 a setup for multi-focus multi-photon 3d microprinting

for faster multi-photon 3D printing.

3.2 Beam Scanning

While the voxel printing rate is ultimately limited by the pulse repetition rate, a
more practical limit to the maximum scan speed is imposed by the used scanning
method, which can be either sample scanning or focus scanning.

In the sample scanning method, the printing substrate is actuated and scanned
along a trajectory by a stage. While nanometer-precision stages achieve scan
speeds of some decimeters per second, due to the inertia of the sample and the
stage, these speeds are only reached after comparably long acceleration times.
These long acceleration times are an overhead, leading to long printing times.

In the beam scanning method, the laser beam is deflected by an angle α. The
deflected beam is then focused by a lens of focal length f , resulting in a displaced
laser focus position d

d = tan (α) f ≈ α f . (3.5)

The small-angle approximation is justified by the maximum scan angle of ±4.3◦ at
the entrance pupil of the microscope objective lens1. By this equation, the angular
scan rate α̇ can be converted to a spatial scan speed.
However, the voxel printing rate not only depends on the scan speed, but also
on the focus diameter (see section 2.5), which in turn depends on the NA. This
dependency is taken into account in the comparison of the scan rates of several
types of beam scanners in Ref. [93]. The scan rate is calculated by dividing the
angular scan rate α̇ by the angular 1/e2 beam radius (i.e., the beam divergence).
To obtain a voxel print rate that is comparable to the values in Figure 2.1, the
angular 1/e2 beam radius θe2 of the truncated and focused Gaussian beam is
converted to the FWHM angular diameter θFWHM by [94]

θFWHM = 1.24θe2 . (3.6)

Beam deflection methods can be classified into two categories: periodic deflectors
and random-access deflectors [93]. Periodic deflectors, like rotating polygon
mirrors and resonant scanners, continuously deflect the beam with a fixed angular
amplitude and frequency and achieve scan rates of up to 2 · 107 voxels s−1 [93, 95].
The high scan speed is contrasted by three disadvantages. First, due to the fixed
scanned amplitude, the laser focus is always scanned across the entire field of
view [96]. Hence, when printing a 3D object with narrow lateral dimensions, a

1 Calculated for Zeiss objectives with a field number of 25.
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periodic scanner unnecessarily scans the void periphery of the scan field. Second,
the variable scan speed of resonant scanners along each scanned line complicates
the printing with uniform voxel size and material properties [41]. And third,
periodic deflectors fix the hatching axis. In a typical periodic deflector 2D beam
scanner, only one of the two scan axes, the hatching axis, is a periodic deflector,
whereas the other axis is scanned by a slower scanner. In multi-photon 3D printing,
the hatching direction is a pivotal degree of freedom. For instance, one would
rarely like to print a line grating with the hatching axis oriented perpendicular
to the ruling. Thus, periodic scanners can be useful for certain applications in
multi-photon 3D printing [41], but their fixed amplitude and frequency constrain
the 3D printing flexibility.

The second category of beam deflectors, random-access deflectors, can be steered
to and halted at arbitrary positions within the scan field. Thereby, the scan field
size can be adjusted to the 3D printed structure’s dimensions and the hatching
direction in 2D scanners is arbitrary. Random-access deflectors can be divided
further into two types, which are scanners with and without moving mass.

Acousto-optic and electro-optic deflectors belong to the type of scanners without
moving mass, reaching large printing rates of almost 108 voxels s−1 [93]. This
rate is comparable to the repetition rate of typical mode-locked lasers, which
ultimately limits the printing rate. Both, acousto-optic and electro-optic deflectors,
have one major drawback: their limited resolution, i.e., the number of voxels
that fit inside the scan field. In Ref. [93], the acousto-optic deflector with the
largest scan field encompasses 322 voxels, i.e., the scan field is 322 times larger
than the voxel FWHM. Electro-optic deflectors have a yet lower resolution of
80 voxels [93]. For comparison, the scan field of a numerical aperture NA = 1.4
microscope objective lens (FWHM spot-size 324 nm [94] at 800 nm wavelength)
with a aberration-corrected field of view diameter of 625 µm offers a resolution
625 µm/0.324 µm voxel−1 = 1930 voxels of resolved FWHM spots2.

Besides the low resolution, acousto-optic deflectors are not ideally suited for
ultrashort pulsed laser beams. In an acoustic-optic deflector, the laser beam is
diffracted by a photoelastic material, whose refractive index is spatially modulated
by an acoustic wave with variable frequency. This has three consequences. First,
the diffractive nature of the deflectors leads to an angular dispersion of the
longitudinal modes of the finite-bandwidth laser beam [97], whereby deflected
beams smear out when focused. Second, as a direct consequence of the angular
dispersion, the pulse front of the laser beam is tilted [65], which increases the
pulse length and decreases the effective numerical aperture of the focused beam.
Third, the group velocity dispersion of the photoelastic material leads to a chirped

2 This calculation neglects the nonlinear excitation. For a two-photon process, the resolution
would be larger by a factor

√
2.

33



3 a setup for multi-focus multi-photon 3d microprinting

Figure 3.2: Photograph of a
galvanometer scanner. The
mirror (right) is attached to the
shaft of the motor. The base of
the scanner contains electronic
connectors for the connection
to the driver board. For scale, a
metric centimeter-scaled ruler
is placed in front of the scanner.

pulse and thereby to an increased pulse length. Thus, due to the low resolution
of electro-optic deflectors and the dispersive function of acousto-optic deflectors,
both are of limited use in multi-photon absorption 3D printing – despite their fast
printing rate.

Galvanometer scanners belong to the second type of random-access deflectors, the
moving-mass scanners. Figure 3.2 shows a photograph of a galvanometer scanner,
which consists of as deflection mirror mounted on the shaft of a motor [96]. The
motor contains a magnetic rotor [98] which is mounted within an electromagnetic
stator. Electrical currents in the stator coils change the stator’s magnetic field and
drive the rotor to a controlled rest position. Galvanometer mirrors were used
already in the early days of laser-scanning 3D micro- and nanofabrication [99,
100].

Compared to acousto-optic and electro-optic scanners, galvanometer scanners
and moving-mass deflectors offer lower scan rates, with peak printing rates of
approximately 106 voxels s−1 [93]. However, the field of view of galvanometer
scanners has a resolution of more than 104 voxels [93], exceeding the field of view
of high-end microscope objective lenses. Since galvanometer mirrors offer the
largest field of view and the largest scan rates of current moving-mass deflec-
tors [93], they are the beam deflection method of choice for multi-photon 3D
printing of arbitrary structures.

3.3 Beam Splitting

The maximum printing rate of galvanometer scanners can be directly converted
to a voxel exposure time of texp = 1 µs. At such short exposure times and for
focusing with an NA of 1.4, the polymerization threshold power of sensitive
multi-photon photoresin is approximately 30 mW [83]. This threshold laser power
is two orders of magnitude lower than the output power of femtosecond-pulsed
Ti:Sa lasers used in multi-photon 3D printing [48, 83], leaving plenty of laser
power for printing with multiple foci in parallel.
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3 .3 beam splitting

Figure 3.3: Packing of a square mi-
crolens array into a circular beam. For
an infinite number of microlenses (illus-
trated by the yellow disks), only 50 %
of the homogenized, round laser beam
wavefront (blue) is covered. While more
microlenses could be fitted in the beam
area, stitching then becomes problem-
atic.

To print with multiple foci in parallel, the laser beam must be split into individual
beamlets. From the available passive beam splitting approaches [101], the two
most commonly used ones for multi-focus multi-photon 3D printing are microlens
arrays [16] and diffractive beam splitters [18, 23, 34, 35, 44, 49, 90]. In the following,
the strengths and weaknesses of both approaches are discussed.

3.3.1 Refractive Beam Splitting

In a microlens array beam splitter, the wavefront of a laser beam is sampled in the
transverse propagation direction by an array of, typically refractive, microlenses,
which focus the beam to individual spots. The thereby created spot array is then
imaged and tightly focused into the liquid photoresin for multi-focus multi-photon
3D printing.

Compared to diffractive beam splitters, the ultrashort pulses of the laser beam
are not affected by refractive microlens arrays, which is desired in multi-photon
3D printing. However, microlens arrays have several weaknesses. First, if the
microlens array is illuminated by a Gaussian-shaped laser beam profile, the
intensity of the generated spots will vary across the aperture of the laser beam.
Ideally, the spot intensity is uniform. To overcome this, the diameter of the
laser beam can be increased, such that only the center portion of the beam
profile is used [16]. This, of course, goes along with significant power losses.
Alternatively, the laser beam can be converted from a Gaussian to a flat-top
profile before reaching the microlens array [102, 103]. Nowadays, such beam
shapers are available off-the-shelf as refractive telescopes. But even when using a
homogenized beam, power losses have to be taken into account due to the limited
packing density of the microlenses. For instance, consider the array of microlens
arranged on a square lattice in Figure 3.3. Half of the input power is focused by
the microlenses when neglecting any reflection and absorption losses.
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3.3.2 Diffractive Beam Splitting

A diffractive beam splitter works by locally modulating the wavefront’s amplitude,
the phase, or both. The wavefront modulation for beam splitters is a periodic
pattern, i.e., a grating, across the wavefront. The efficiency of diffractive beam
splitters, that is the fraction of the total power which is diffracted into the desired
spot array, can be as large as 90 % [104]. Such high efficiencies are achieved by
phase masks, i.e., diffractive optical elements (DOEs) in which only the phase is
modulated.

In multi-photon 3D printing, ultrashort pulsed lasers with a finite spectral band-
width are used. For instance, the spectral bandwidth of a transform-limited 85 fs
long pulse at 800 nm central wavelength wavelength has a spectral bandwidth of
8 nm. When diffracted by a DOE with grating constant g, the finite bandwidth
of the laser leads to a spatially broadened angular diffraction pattern since the
first-order diffraction angle α is proportional to the wavelength λ (see Figure 3.4a):

λ

g
= sin (α) ≈ α. (3.7)

Hence, when focusing a diffracted pulsed laser beam, the spread-out angular
pattern translates into a spatially spread-out PSF, as illustrated in Figure 3.4b.
According to Equation 3.5, the width ∆d of the spread-out PSF is

∆d
d

=
∆λ

λ
, (3.8)

where d is the displacement of the focus from the optical axis. Of course, the value
of ∆d is only meaningful in comparison with the diffraction-limited PSF diameter
dFWHM. By expressing the displacement d in units of dFWHM, one obtains

∆d
dFWHM

=
∆λ

λ
M. (3.9)

Here, M is a unit-less number, denoting distance of the diffracted laser focus from
the optical axis, measured in the FWHM voxel diameter. Taking again the above
example with λ = 800 nm and ∆λ = 8 nm, then ∆d = dFWHM for M = 100. In
other words, when the focus is diffractively deflected by 100 voxels, the effect of
the angular dispersion is as large as the diffraction-limited PSF size.

In addition to the angular dispersion, the DOE induces also a pulse front tilt [65],
which is illustrated by the dashed black lines in Figure 3.4a. The pulse front tilt
has two consequences. First, the pulse front tilt temporarily stretches the pulse
in the focal plane. This stretched pulse decreases the two-photon absorption rate.
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Figure 3.4: Angular dispersion of a diffracted laser beam. a, Schematic illustration
of the angular dispersion, exemplified by two longitudinal modes of a broadband
laser beam, diffracted at a blazed grating. The diffraction angle is proportional to the
wavelength, which is represented by the beam colors. The dashed lines indicate the
pulse front, which is tilted with respect to the diffracted beam wavefronts. For clarity,
the drawn dimensions and angles are not to scale. b, False-color intensity diagram
of a calculated, lateral-cut PSF with a spectral FWHM of ∆λ = 8 nm, diffracted with
M = 250 ·

√
2 and focused with a lens of NA 1.4 and a focal length f = 4.12 mm.

The PSF-computations are obtained from the algorithm presented in Ref. [105]. The
algorithm was implemented by Joachim Fischer.

For constant pulse energy, the two-photon absorption rate is proportional to the
inverse of the pulse length [106]. The second consequence of the pulse front tilt is
an effectively decreased NA of the laser focus. The tilted pulse front scans across
the entrance pupil of the objective lens, filling only a fraction of the pupil at a
time. In fact, tilted pulse fronts are exploited in temporal-focusing multi-photon
3D printing [47, 52, 66].

3.3.2.1 Angular Dispersion Compensation

The angular dispersion and hence the spread-out PSF can be compensated by a
refractive Keplerian telescope, which was originally presented by Hu et al. in
Ref. [97]. The telescope is designed to have a magnification inversely proportional
to the wavelength λ [97]. This intended chromatic aberration is achieved by four
lens-doublets, consisting of glasses with high and low dispersion [97]. The angular
dispersion compensation is then converted to a transverse-spatially chirped beam,
i.e., the wavelength varies transversely across the pulse front, which can again lead
to a tilted pulse front by propagating through group velocity dispersive media [65].
However, from ray tracing calculations it can be seen that for a laser beam with a
spectral bandwidth of 8 nm, the spatial displacement of the longitudinal modes is
less than 150 µm, which is small compared to the later used laser beam diameter
of 6 mm.

37



3 a setup for multi-focus multi-photon 3d microprinting

In summary, the combination of a DOE and the dispersion-compensating telescope
offers an efficient method of laser beam splitting. The authors of the publica-
tion [97] kindly provided two sets of anti-reflection coated telescopes for the setup
presented below. Next, the design, fabrication, and characterization of a suitable
DOE is discussed.

3.3.2.2 Resolution of Diffractive Beam Splitters

When splitting the laser beam into beamlets and hence separated foci, it is impor-
tant to space them sufficiently apart for two reasons. First, if the focused beamlets
are in close proximity, interference effects arise in the form of Talbot planes along
the optical axis [63, 64]. Second, a sufficient spacing allows a higher resolved unit
cell, that is, more voxels fit (laterally) inside one unit cell. The lateral unit cell
resolution can be conveniently expressed by the fraction of the focus spacing dfocus
and the voxel FWHM diameter via

M =
dfocus

dFWHM
. (3.10)

In this equation, dfocus can be expressed by the grating constant g, the center
wavelength λ and the focal length f using Equation 3.7 and Equation 3.5 as

dfocus =
λ

g
f . (3.11)

Furthermore, λ and the NA determine the FWHM focus diameter [94] by

dFWHM = 0.567
λ

NA
. (3.12)

Inserting both expressions into Equation 3.10 yields

M =
NA f

0.567g
, (3.13)

which can be further simplified with the relation for the pupil diameter Dpupil =
2 NA f [96] to

M = 0.88
D
g

. (3.14)

Thus, the focus spacing and hence the lateral unit cell resolution is directly related
to the number of grating periods in the (conjugate) objective lens pupil Dpupil/g.
As an example, for a focus spacing of M = 250 voxels, the objective lens pupil
must span 284 grating periods.
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Figure 3.5: Diffraction efficiency of stepped blazed gratings. a, Phase profile of an
ideal blazed grating (blue) and pixelated approximations thereof (red and yellow).
b, Plot of the first-order diffraction efficiency, i.e., the fraction of the total power
diffracted into the first order, versus the pixels per grating period. These results are
based on the calculations in Refs. [107, 108]

Equation 3.14 imposes a first resolution criterion for the DOE. To obtain an efficient
beam splitter, a second resolution criterion for DOEs is derived. Typically, a phase-
only DOE approximates a locally phase-modulated wavefront profile by an array
of pixels, which is exemplified in Figure 3.5a. There, a simple blazed grating
is approximated by individual pixels, i.e., discrete steps. This discretization
affects the diffraction efficiency, i.e., the fraction of power diffracted into the first
order [108]. The calculated diffraction efficiency of the pixelated blazed grating
is plotted in Figure 3.5b. For the grating with only two steps per period, the
efficiency is only 40 % [108]. For higher resolved gratings, the diffraction efficiency
increases. This example illustrates that a finer pixel-sampling of the DOE yields
higher diffraction efficiencies.

In summary, a high pixel-resolution of the DOE is desired in order to achieve
high diffraction efficiencies and large deflection angles. Previous instances of
multi-photon 3D printing employing diffractive beam splitter either used spatial
light modulators (SLMs) [23, 34, 35, 90] or static phase masks (DOEs) [18, 49]. A
SLM consists of an array of electronically addressable pixels, e.g., liquid crystal
cells or deformable mirrors, with variable adjustable phase retardance [108].
While the phase profile of common liquid crystal SLMs can be adjusted within
milliseconds, they have four key disadvantages. First, state-of-the-art devices
offer a pixel resolution of up to 2160 px across the diameter of a round laser
beam3. Second, due to their limited fill factor of about 90 %, a significant portion
of light is unaffected by the applied phase pattern and diffracted into the zeroth

3 The reflective EXOLUS-4K1 from Thorlabs GmbH is used as exemplary device.
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order. Third, owed to the reflectance of approximately 65 %, the throughput is
comparably low. And finally, the phase profile of most SLMs jitters temporarily
due to the time-modulated voltage with which pixels are addressed. Thereby,
the diffracted beamlet intensities I vary temporally, which is especially critical in
multi-photon 3D printing, where the deposited dose is proportional to IN. All
four aspects currently make SLMs unattractive for beam splitting applications in
multi-focus multi-photon 3D printing.

In static phase masks, the phase of a wavefront is modulated by wavelength-scale
height variations on the surface of an optical element. Within the thin-element
approximation [109], the phase ∆ϕ is assumed to change proportionally to the
local height hDOE of the surface profile and the difference of the refractive index
∆n of the DOE and the surrounding:

∆ϕ =
2π

λ
hDOE ∆n. (3.15)

The height profile of DOEs is commonly manufactured in a photolithographic
layer-by-layer process [96]. Therefore, the phase profile of a DOE is static and
cannot be updated within milliseconds, in contrast to the phase profile obtained
by SLMs. However, DOEs can be fabricated with centimeter-large apertures and
micrometer-small pixel sizes, hence offering an exceedingly large pixel resolu-
tion [110]. Furthermore, a high pixel filling fraction and a low material absorption
ensure a high transmittance. And, finally, in contrast to SLMs, DOEs do not suffer
from pixel jitter, and hence diffract with a constant temporal beamlet intensity.
In conclusion, for multi-focus multi-photon 3D microprinting, DOEs are more
attractive beam splitters than SLMs.

3.4 Design and Fabrication of a

Diffractive Optical Element

Commercial DOEs are fabricated by lithographic methods, relying on costly sets
of electron beam written chrome masks, which is cost-efficient only for large-
scale productions. An alternative production method for small batches is given
by laser direct-writing4, in which a power-modulated laser beam scans over a
photoresin-coated substrate and locally changes the photoresin’s solubility [111].
The height of the surface profile is modulated either by varying the laser power
(grayscale laser writing) [111] or by printing several binary layers, stacked on top
of each other. The latter can be achieved by multi-photon 3D printing, where the
nonlinear absorption locally confines the excitation.

4 In the past, the term “laser direct-writing” has been used for one-photon and multi-photon
absorption printing. Here, both are implied.
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As outlined above, to achieve high diffraction efficiencies at large deflection angles,
a large DOE pixel count, i.e., resolution, is required. The high DOE resolution can
be either achieved by printing small pixels or by printing a large-area DOE, both
of which have technical limits. The DOE diameter directly affects the fabrication
time since laser direct-writing is a serial process. On the other hand, the voxel
size of the focused direct-writing laser beam places a constraint on the lateral
resolution and hence the pixel size. A set of feasible printing parameters is found
in preliminary multi-photon DOE printing trials. For a focus NA of 1.4 and a scan
velocity of 10 mm s−1, a 30 mm2 large eight-layer DOE was printed in less than
50 h. With the used pixel size of 2 µm × 2 µm, the DOE has a resolution of 3000 px
across its diameter.

To compute the phase profile, an iterative Fourier transform algorithm based on
Ref. [112] is implemented. In this algorithm, the far-field diffraction pattern is
obtained from an initially (randomly) guessed phase profile by computing its
Fourier-transform. Then, the amplitude of the far-field pattern is replaced by the
target amplitude, whereas the phase is retained. The coerced far-field pattern
is then propagated back to the DOE plane by computing the inverse Fourier
transform. The amplitude is replaced by a uniform amplitude in the DOE plane
while retaining the phase profile. This cycle is repeated until a satisfactory DOE
efficiency and fidelity is obtained. During the optimization, the phase is gradually
coerced to eight discrete levels [113].

The target far-field intensity distribution for the diffractive beam splitter is shown
in Figure 3.6a. The 2.1◦-spaced 3 × 3 square array of beamlets is computed for
the center wavelength λ = 790 nm, which is also used in the later experiments.
Note that the far-field is computed for few DOE periods (M = 7). Therefore,
the size of the diffracted spots is pixelated and exaggerated in the figure. With
the DOE diameter of 6 mm, the targeted diffraction angle corresponds to M =
240. Hence, the focused beamlets are spaced by 240 times their FWHM focus
diameter. This value is a compromise between the finite field of view of the
dispersion-compensating telescope and a high unit cell resolution. In fact, at
the targeted diffraction angles, the dispersion-compensating telescope already
introduces noticeable aberrations on the diffracted beamlets and thereby reduces
the focused peak intensity. To counteract these aberrations, the designed intensity
of the diffracted beamlets increases proportionally to the diffraction angle.

Figure 3.6b displays a DOE, which is calculated for the target distribution. The
DOE consists of eight individual levels and a 11 × 11 px large unit cell (white-
dashed outline). The corresponding far-field intensity distribution is shown in
Figure 3.6c, plotted on a logarithmic color scale on which also higher diffraction
orders are visible. While the target intensity distribution has a four-fold rotational
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Figure 3.6: Design of the diffractive optical element (DOE). a, False-color diagram
of the normalized target power distribution. To pre-compensate aberrations in the
periphery of the field of view caused by the dispersion-compensating telescope,
the power is intentionally lower for the zero-order peak than for the higher orders.
The angular scale is valid for a center wavelength λ = 790 nm. b, Designed DOE.
The white dashed line outlines a single unit cell. c, Far-field diffraction pattern of
the DOE shown in b. In contrast to the linear colormap in panel a, a logarithmic
colormap is chosen, such that the power diffracted into higher orders becomes visible.
The diffraction efficiency, that is, the fraction of power diffracted into the nine target
orders versus the incident power, is 89 %.

symmetry, this symmetry is not present in the DOE and in the computed far-field
intensity diagram. While it is possible to enforce the four-fold symmetry during
the iterative Fourier-transform algorithm, the diffraction efficiency of symmetric
solutions is significantly lower.

The DOE is fabricated by multi-photon printing in a multi-photon 3D printer
(Photonic Professional GT, Nanoscribe GmbH). A silanized 22 × 22 mm large,
170 µm thick borosilicate-glass coverslip serves as printing substrate. To avoid
photoresin run-off during the print job, a polydimethylsiloxane (PDMS)-ring is
placed on the coverslip, into which a droplet of photoresin (IP-L, Nanoscribe
GmbH & Co. KG) is dispensed. This photoresin is designed for oil-immersion
printing (Immersol 518F, Carl Zeiss AG) and used with a high-NA microscope
objective lens (Plan-Apochromat 63×/NA1.4, Carl Zeiss AG). The printing speed
is set to 10 mm s−1 and the laser power to 17 mW, measured at the objective lens
entrance pupil. Furthermore, a hatching distance of 143 nm is used.

While the multi-photon printed DOEs are highly reproducible, it is not trivial
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Figure 3.7: Characterization of the fabricated diffractive optical element (DOE). a,
Height profile of the multi-photon printed DOE, measured in a confocal profilometer
with a NA of 0.9. b, Diffraction intensity pattern of a 790 nm wavelength laser beam,
measured by collecting the diffracted light with a 50 mm focal length lens and a
camera. c, Deviation of the measured beamlet-power from the corresponding target
power (see Figure 3.6a). The root-mean-square (RMS) deviation is 2.6 %.

to obtain the desired intensity distribution for the nine beamlets. To print high-
fidelity DOEs, two printing strategies proved to be essential. First, the stitching
period must not be an integer multiple of the DOE grating period. Second, the
ideal height profile must be found iteratively. Both strategies are now discussed.

The optics of the multi-photon printer offer a limited field of view in which
structures can be printed accurately. However, even within this field, residual
field curvature of the focal plane and vignetting of the laser beam occur. Hence,
a 3D-printed nominally flat plane will exhibit some distortions. Moreover, two
adjacent printing fields are typically not flush with each other. Uncertainties in the
automatically detected interface position and stage movements lead to dislocations.
Due to the stitching process, both artifacts are periodic and lead to a diffraction
pattern with the lattice constant of the stitching period. If the stitching period
and the DOE period are commensurable, crosstalk of both diffraction patterns is
observed, leading to large errors in the diffracted beamlet intensities. Therefore,
the stitching period (100 µm) and the DOE period (22 µm) are intentionally de-
signed to be incommensurate. Even more, their least common multiple is large
(1100 µm).

To optimize the height profile iteratively, the far-field diffraction pattern is mea-
sured at different wavelengths, ranging from 700 nm to 860 nm. Next, a global
optimization routine numerically searches for a phase profile with modified height
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50 µm 10 µm

a b c

Figure 3.8: Images of the fabricated diffractive optical element (DOE). a, Photograph
of the glass coverslip with the multi-photon printed DOE. b, Oblique-view scanning
electron micrograph of several stitched printing fields of the DOE. The period of the
DOE is intentionally different from the period of the stitching field. c,. Magnified
view of the electron-micrograph, on which the eight printed layers and the hatching
pattern are visible. This Figure is adapted from Ref. [48] (CC BY 4.0).

levels, whose far-field pattern matches the measured patterns. The deviation of
the modified height level and the targeted height level is then compensated in the
next fabrication iteration. This method converged after five iterations.

The final optimized DOE is characterized in Figure 3.7. Panel a shows the
measured height profile, which qualitatively agrees well with the designed phase
profile (see Figure 3.6b). On a closer look, the height of the levels does not linearly
relate to the designed phase, which could be explained by an inhomogeneous
refractive index of the polymer. This observation justifies the used optimization
routine in which the DOE is optimized by its far-field diffraction pattern instead
of the measured height profile. Panel b shows the measured far-field intensity
distribution on a logarithmic color scale. To resolve the beamlets on a camera
sensor, the beam diameter in front of the DOE is intentionally smaller than in
printing experiments. The small beam diameter leads to a lower value of M and
hence larger PSF diameters of the beamlets. A 2D Gaussian profile is fitted to
each diffracted spot and the obtained beamlet power is compared to the targeted
power in panel c. The RMS intensity deviation is 2.6 % and the largest deviation
is 5 %. This deviation is tolerable with regard to the dynamic range offered by
multi-photon 3D printing photoresins [91].

A photograph of the fabricated DOE is shown in Figure 3.8a. More details are
revealed in the oblique-view scanning electron micrograph in panel b, on which
also the stitching artifacts and the incommensurate stitching can be seen. The close-
up electron micrograph in panel c reveals the eight printed layers and well-defined
pixels, as well as the hatching pattern of the fabrication process.
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3.5 Components of the Multi-Focus Setup

Besides a beam splitting element, multi-focus multi-photon printing also requires
a suitable, custom-built 3D printing setup. Commercial multi-photon printing
instruments are typically not equipped with lasers powerful enough to allow for
multi-focus printing at rapid speeds. Hence, in this section, a suitable setup is
presented.

Figure 3.9 shows a sketch of the multi-focus multi-photon 3D printer, as it was
assembled by the author with assistance of Pascal Kiefer, in the course of his
Master’s thesis. A 2.8 W output power, 80 MHz repetition rate Ti:Sa laser emits
90 fs long pulses (MaiTai HP, Spectra-Physics Inc). The tunable central emission
wavelength is set to 790 nm, for which the DOE is designed.

The power of the laser beam is modulated by an acousto-optic modulator (AOM)
(MT80-A1.5-IR, AA Opto Electronic). The first diffraction order of the AOM passes
a pulse compressor, comprised of two N-SF10 prisms, separated by a 2 m long
tip-to-tip distance [114, 115]. Thereby, about 30 000 fs2 of group delay dispersion,
which is acquired throughout the optical path, is pre-compensated (see Table 3.1).

Next, the laser beam is split by the DOE into an array of 3 × 3 beamlets. The
unpatterned side of the DOE substrate is coated with a 140 nm thin MgF2 anti-
reflection coating. Importantly, to avoid vignetting of the beamlets, the DOE is
located in a conjugate pupil plane of the high-NA objective lens. Therefore, the
DOE is imaged first by the dispersion-compensating telescope (see section 3.3).
In the conjugate pupil plane, the beam-array is transmitted by a polarizing beam
splitter (PBS) (PBS252, Thorlabs GmbH) and demagnified by a relay telescope.
Lens data for the first lens group (LG1) of this relay telescope is provided in
Table A.1. The second lens group LG2 is identical in construction to the lenses
of the XY scan relay presented in Ref. [117]. The demagnified beam-array is
then deflected by a 6 mm clear-aperture galvanometer-mirror (6215H, Cambridge
Technology Inc.). The galvanometer is imaged by a 1:1 telescope (scan relay XY
from Ref. [117]) onto a second, perpendicular galvanometer mirror (same model).
To avoid heating of the galvanometer mirrors during extended printing jobs, both
mirrors are water-cooled. The galvanometer mirror is magnified fourfold using a
scan lens LG5 and a tube lens LG6, which are identical in construction to the lenses
SL and TL presented in Ref. [117], into the entrance pupil of a microscope objective
(Plan-Apochromat 40×/NA1.4, Carl Zeiss AG). An achromatic quarter-wave plate
is located near the entrance pupil of the objective lens (B. Halle Nachfl. GmbH).

A microscope xy-stage (Scan IM 120 × 100, Märzhäuser-Wetzlar) and a piezoelec-
tric stage for axial movements (Q-545.140, Physik Instrumente GmbH & Co. KG)
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Figure 3.9: Scheme of the multi-focus multi-photon 3D printing setup. The beam of
a femtosecond-pulsed Ti:Sa laser is modulated by an acousto-optic modulator (AOM).
Next, the laser beam passes a prism-based pulse compressor, which compensates for
the acquired group velocity dispersion. A diffractive optical element (DOE) splits the
beam into an array of 9× 9 beamlets, which are relayed by a dispersion compensation
telescope (DCT). The DCT compensates the lateral chromatic dispersion caused by
the finite pulse length and the DOE. After passing through a polarizing beam splitter
(PBS), the beamlets are imaged onto a first galvanometric-actuated mirror (GX) by
a telescope consisting of lens groups LG1 and LG2. A second telescope (LG3 and
LG4) relay the beam onto a second galvanometric mirror (GY) with a perpendicular
scanning axis. The dashed horizontal lines indicates a flip of the coordinate system.
Mirror GY is imaged through a quarter-wave plate on the NA = 1.4 objective lens
entrance pupil. The objective lens focuses the beamlets onto the sample, which is
mounted on a motorized xy-stage and a piezo-actuated z-stage. The printing process
is recorded by a camera (CAM). Back-reflected light is collected by an avalanche
photodiode (APD). This Figure was created using “ComponentLibrary” [116] by
Alexander Franzen (CC BY NC 3.0) and is adapted from Ref. [48] (CC BY 4.0).
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3 .6 summary

element GDD / fs2 count

AOM 10180 1

DCT 9700 1

LG1 1529 1

LG2, LG2, LG3, LG4 1683 4

LG5 1362 1

LG6 818 1

objective lens 4245 1

Total 34566

Table 3.1: Overview of the acquired
group delay dispersion (GDD) within
the multi-focus multi-photon setup.
The used abbreviations are the same as
in Figure 3.9. For the objective lens, the
value is estimated from lens data dis-
closed in the patent application [118].
The GDD values are calculated for the
chief ray of the central beam.

position the printing substrate in the setup. Back-reflected light is detected at an
avalanche photodiode (APD), attached to the side-port of the PBS.

To control the AOM and the galvanometer mirrors with synchronous drive-signals,
a real-time computer and an field-programmable gate array (FPGA) (7931R, NI
Corp.) with a transceiver-module (5783, NI Corp.) is used. An initial version of
the control-software was programmed by Pascal Kiefer in the scope of his Master’s
thesis. For the experiments in chapter 4, the software was further updated by the
author. The FPGA is fed with points on a scan trajectory and laser power values.
During printing, the coordinate points are linearly interpolated and output as an
analog voltage signal. To account for the lag of the galvanometer mirrors, the
power-modulation signal is delayed with respect to the position signal by 119 µs,
a value empirically found.

3.6 Summary

In this chapter, a setup for multi-focus multi-photon 3D printing was presented.
Due to the setup’s high degree of modularity, it has also been used in applications
other than multi-focus printing [119]. The aim of multi-focus multi-photon 3D
printing is to enhance the multi-photon 3D printing rate, which is limited by the
scan speed of the laser beam scanner. Therefore, several beam splitting methods
and their limitations were reviewed. A diffractive beam splitter was fabricated
and characterized. Finally, an optical setup suitable for multi-focus 3D printing
was presented. In the next chapter, structures 3D printed with the multi-focus
multi-photon printer are presented and characterized.
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4
Chapter 4

Multi-Focus

3D Printed Structures

Electron micrograph of a multi-focus multi-photon 3D printed sample.

In this chapter, the presented multi-focus multi-photon 3D printing setup is used to 3D
print centimeter-sized metamaterials at a peak voxel printing rate of over one million
voxels per second.
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4.1 Voxel Size

For equal focusing conditions, the voxel size in the multi-focus setup does not
differ from that of the single-focus 3D printing setup. However, the dispersion-
compensating telescope is expected to introduce some optical aberrations. There-
fore, isolated suspended lines are printed in order to characterize the minimum
voxel size that can be achieved by the multi-focus multi-photon setup presented
in chapter 3. Electron micrographs of square blocks, which are interconnected
by lines, are shown in Figure 4.1. Averaged over one 3 × 3 array of lines printed
in parallel, a lateral linewidth (and hence lateral voxel size) of 406 ± 62 nm and
a line height (and hence axial voxel size) of 1.01 ± 0.38 µm are measured. The
uncertainty denotes plus/minus one standard deviation.

These voxel dimensions are larger than the squared intensity distribution lateral
and axial FWHM diameter (225 nm and 560 nm, respectively), which is used as
reference in the benchmark graphic in Figure 2.1. While it is possible to print

5 µm

5 µm

b

c

50 µm

a

Figure 4.1: Scanning electron micrograph of the test patterns printed to determine
the linewidth. a, 3D printed block array. The blocks are connected by singly-scanned,
suspended lines. b, Top-view zoom-in of a single suspended line. c, Oblique-view of
several suspended lines. This Figure is adapted from Ref. [48] (CC BY 4.0).
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4 .2 large chiral metamaterial crystals

a

δ

Figure 4.2: Chiral meta-
material unit cell from
Ref. [120]. Depending on
the value of δ, the cubic
unit cell with side length
a is either chiral (δ = 34.8◦,
depicted) or achiral (δ =
0◦). This Figure is adapted
from Ref. [48] (CC BY 4.0).

smaller voxel lines, the variation of the focus intensity causes some lines to break.
The quoted measured linewidth is for one set of line simultaneously printed intact
lines. A second reason for the enlarged voxel size is the limited field of view of
the dispersion-compensating telescope, which deteriorates the peripheral foci.

4.2 Large Chiral Metamaterial Crystals

To benchmark the presented multi-focus multi-photon 3D printer, a 3D mechanical
metamaterial crystal is printed. A metamaterial is a rationally designed composite
with tailored effective material parameters that can exceed the parameters of
its constituent materials [121]. Metamaterial crystals are attractive benchmark
structures for multi-focus 3D printing, since many metamaterials are fabricated by
3D additive manufacturing [27, 72, 122], yet the total number of crystal unit cells
is typically limited by the fabrication time. For multi-focus 3D printing, however,
the fabrication time of crystalline metamaterials decreases almost proportionally
with the number of foci.

Recently, T. Frenzel et al. proposed a chiral mechanical metamaterial that is
designed to twist when strained [120]. Figure 4.2 shows a blueprint of the cubic
unit cell, which is characterized by the angle δ and the side length a. For multi-
focus 3D-printing with the setup presented in chapter 3, the side length is set to
a = 80 µm, which is below the smallest side length of a = 100 µm presented in
the original publication [120]. Furthermore, the index-matched photoresin IP-Dip
(Nanoscribe GmbH & Co. KG) is used in conjunction with a NA = 1.4 objective,
instead of IP-S (Nanoscribe GmbH) and a NA = 0.8 objective lens, which was
used in the original publication [120]. The different photoresin and the larger
objective NA also lead to decreased hatching and slicing distances, which are
set to 200 nm and 500 nm, respectively. Furthermore, printing large-scale objects
requires a sufficient photoresin reservoir. However, without precautions, larger
volumes of the IP-Dip photoresin gradually flow off the objective lens during
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2 mm

a b c

3 mm

Figure 4.3: 3D printed chiral metamaterial crystal. a, Photograph of a 2.4 mm ×
2.4 mm × 9.6 mm large 3D printed achiral structure, comprised of 30 × 30 × 120 =
108000 unit cells. The structure has a yellow tint, caused by residual photoinitiator
molecules and fragments thereof in the polymerized material. b, Photograph of a
metamaterial with the identical dimensions as the structure in a, however comprised
of chiral unit cells, i.e., for δ = 34.8◦. A one-cent coin is depicted in the background
for scale. c, Laue diffraction pattern of a helium-neon laser beam (wavelength
633 nm) at the metamaterial crystal. The recorded intensity of the diffraction pattern
is intentionally saturated to reveal higher diffraction orders. For clarity, a photograph
of the structure is shown in the background. Parts of this Figure are adapted from
Ref. [48] (CC BY 4.0).

printing, which is why the resin is contained in a rubber O-ring, attached with
non-permanent glue (Fixogum, Marabu GmbH & Co. KG) on top of the objective
lens.

To achieve high peak printing rates, the laser-focus scan speed is set to 400 mm s−1,
which is ultimately limited by the galvanometer mirror’s resonance frequency.
To attain a uniform scan speed along an exposed trajectory, the galvanometer
scanned laser foci are accelerated on a 42 µm long run-up distance before each
scanned line.

Photographs of two 3D printed metamaterial crystals, each comprised of 30 ×
30 × 120 = 108 000 unit cells, are shown in panel a and b of Figure 4.3. The
displayed structures differ in the geometry parameter δ, which is δ = 0◦ for the
achiral structure (panel a) and δ = 34.8◦ for the chiral structure (panel b). The
printing time for each 9.6 mm tall metamaterial crystal is about two days. For
comparison, the printing of a 500 unit cell large structure took about one day in the
original publication [123], which is a factor of 100 less. On the photographs, the
metamaterial crystal looks almost homogeneous and the interior substructure is
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Figure 4.4: Scanning electron micrographs of metamaterial samples. a, Side view
perspective of the chiral metamaterial crystal. b, Top view of the same sample with
highlighted simultaneously printed array of 3 × 3 unit cells. Stitching in between
adjacent foci or adjacent field of views causes small offsets. c, Side view of an achiral
metamaterial structure (δ = 0◦). This Figure is adapted from Ref. [48] (CC BY 4.0).

not resolved. To confirm the crystalline nature of the structure, a Laue diffraction
pattern is recorded with a camera by irradiating the structure with a helium-neon
laser beam. Figure 4.3c shows a photograph of the diffraction pattern, exhibiting
sharp peaks, which is indicative for an ordered crystal-structure.

More details of the printed metamaterial are revealed in the scanning electron mi-
crographs shown in Figure 4.4. There, the stitching seams in between neighboring
unit cells can be seen at the corners of the cubic unit cell. Note that two types
of stitching occur in multi-focus multi-photon 3D printing: stitching between
adjacent foci and stitching between adjacent writing fields. For both, only minor
offsets can be seen in the electron micrographs.

At this point, it would be interesting to perform characterization experiments on
the printed structure to see if the desired push-to-twist conversion can be observed.
In their experiments, Frenzel et al. have quantified the strain-to-twist conversion,
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Figure 4.5: Modified chiral metamate-
rial unit cell from Ref. [123]. Laterally
adjacent unit cells are connected by the
red-colored protruding bars, which are
easily deformable. The tetragonal unit
cell has an aspect ratio of az/axy = 2/3.
The blue part is identical to the unit
cell in Figure 4.2. The two colors are
for illustration only and do not encode
two different materials. This Figure is
adapted from Ref. [123] (CC BY 4.0).

axy

az

z
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which was as large as 2 % for a sample with a scale factor1 S = L/a = 1 and
an aspect ratio of 2 [123]. For large S and a constant aspect ratio, the twist per
strain decays proportionally to 1/S, i.e., reciprocally to the scale factor S [120].
The largest structure in Ref. [120] with S = 5 showed a twist per strain below 1 %.
Hence, a much lower twist per strain is expected for the metamaterial crystal with
order of 105 unit cells. Hence, in order to obtain appreciable large twist per strain
values also for large S, a modified, tetragonal metamaterial unit cell is presented
in the next section.

4.3 A Chiral Metamaterial With a

Large Characteristic Length

The decrease in twist angle for chiral metamaterials with large scale factors can be
intuitively understood by the cancellation of the rotational displacement vectors of
adjacent unit cells. Hence, the twist of adjacent unit cells cancels in the bulk and
the overall twist is governed by unit cells on the surface of the metamaterial [120].
However, for small S, the twist per strain does not decrease monotonically. Instead,
for a fixed sample aspect ratio, the twist angle per strain increases linearly up
to a characteristic length Lc = a × Sc [123]. Only for samples larger than this
characteristic length, the twist per strain decreases proportional to the sample’s
surface to volume ratio [123]. Thus, to obtain a significant twist per strain for
large samples, this characteristic length must be increased accordingly.

Patrick Ziemke and Tobias Frenzel have designed chiral metamaterial unit cells
with such large characteristic lengths. The underlying idea is to connect the chiral
motifs in the unit cells by easily deformable elements [123, 124], such that the

1 The symbol N is used in the original publication for the scale factor. To avoid confusion with
the effective order of nonlinearity N of photoresins, the symbol S is used herein.
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coupling strength between neighboring unit cells decreases. Figure 4.5 shows a
modification of the original chiral unit cell, in which the unit cells are laterally
connected by the red-colored bars. To make the bars yet more flexible, they recede
into the unit cell and thereby allow each unit cell to rotate more freely around
their own center of mass [125].

Figure 4.4 shows a gallery of micrographs of multi-focus 3D printed structures
with different scale factor S. The structures were printed by Tobias Frenzel and the
author and are part of a larger study, involving also single-focus multi-photon 3D
printed structures [123]. Here, only multi-focus 3D printed results are presented.
In contrast to the metamaterial crystal shown in section 4.2, the samples in this
section were supercritically dried (see section 2.2). A 200 nm slicing distance
and a 300 nm hatching distance are used. Note that in consistency with the
structures printed in Ref. [120], a sample height-to-width aspect ratio of 2 is
chosen. The tetragonal unit cell aspect-ratio of 2/3 leads to Sz = 3Sx = 3Sy = 3S.
Furthermore, in contrast to the metamaterial crystal shown in section 4.2, here
two equally dimensioned crystals of opposite handedness are printed on top
of each other. Thereby, no sliding boundaries are required when compressing
the sample in the twist angle measurements and one sample contains a total of
2 × Sx × Sy × Sz = 2 × 3 × S3 unit cells. Protruding plates with attached markers
are printed in between the crystals of opposite handedness. These markers are
required to optically track the angular displacement. Using the multi-focus 3D
printer, structures with S = 3, 6, 9, 12, 15, 18, 21, 27 are fabricated. The printing
time for the largest structure with S = 27, containing 2 × 27 × 27 × 81 = 118 098
unit cells, is about 30 h.

To fabricate these structures, three modifications are made to the setup presented
in chapter 3. First, a motorized aperture is placed right behind the dispersion-
compensating telescope. This aperture allows rapid switching between multi-focus
printing with nine foci and single-focus printing, which is more convenient when
printing the intermediate plates. Second, the two-prism pulse-compressor is
replaced by a single-prism pulse compressor, with the prism made of highly-
dispersive N-SF66 glass. The prism is Brewster-cut for 800 nm wavelength. In
the single-prism compressor, the beam is folded by two hollow roof prism mir-
rors, which are coated with a low group-delay-dispersion coating (HRS1015-AG,
Thorlabs GmbH) [126]. The effective tip-to-tip distance is 90 cm. Third, the lens
spacing of the dispersion-compensating telescope is slightly increased, leading to
a larger magnification and thereby to lower focus-spacing of axy = 74 µm.

All samples were characterized by Tobias Frenzel in a dedicated setup, which
is described in detail in Ref. [125]. In brief, the setup consists of a metal stamp
which compresses the printed sample axially by a distance uz. The sample strain
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Figure 4.6: Micrographs of chiral metamaterial crystals with large characteristic
lengths. Optical micrographs of metamaterials with a, 2 × 6 × 6 × 18, b, 2 × 9 ×
9 × 27, c, 2 × 18 × 18 × 54, d, 2 × 27 × 27 × 81 unit cells. e, High-magnified electron
micrograph of a printed crystal with S = 3. f, Electron micrograph of a crystal with
S = 27. The optical micrographs were recorded by Tobias Frenzel and previously
published in [123] (CC BY 4.0).

is computed by the fraction of the displacement and the sample length uz/Lz,
with negative strains corresponding to a compression. The twisting motion of the
sample is captured by two cameras, one of which coaxially images the sample’s
middle plate. From these images, the displacement and hence the twist angle is
computed via an image cross-correlation analysis [120].

Figure 4.7 shows the measured twist angles for prescribed strain values for the
fabricated samples with different scale factors S. First, all twist angles per strain
exceed the 2.0◦ maximum twist angle per strain observed for crystals comprised
of the cubic unit cell in Ref. [123]. Second, the maximum twist angle per strain (for
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Figure 4.7: Measured twist per strain
for samples of different scale factor.
The twist per strain increases up to a
characteristic length of Sc ≈ 7.2. For
large scale factors, the data points for
different strain values scatter due to
nonlinearities. For each scale factor S,
the different color shades indicate mea-
surements on different samples. The
measurements were performed by To-
bias Frenzel and published in Ref. [123]
(CC BY 4.0).

small strains) is reached for a scale factor in the range of S = 6 and S = 9, which is
in good agreement with the expected value of S = 7.2 obtained by finite-element
calculations and a simple analytic model [123]. Finally, for large S, nonlinearities
in the twist angle per strain can be observed. That is, for larger absolute strain
values, the twist angle increases. Such nonlinearities have also been observed in
numerical calculations. However, the numerical calculations performed by Tobias
Frenzel and Patrick Ziemke in Ref. [123] were only possible up to a scale factor
of S = 20, which is below the maximum scale factor S = 27 of the fabricated
samples.

4.4 Discussion

In this chapter, 3D metamaterial crystals were presented comprising more than
105 unit cells, fabricated by 3D additive manufacturing. This unit cell count
surpasses previous demonstrations of large-scale 3D metamaterials of comparable
complexity [31, 120]. Furthermore, the achieved peak printing rate of around
107 voxels s−1 is more than one order of magnitude above earlier multi-focus
multi-photon 3D printing approaches and is at par with industry-scale ink-jet 3D
printers. In the following, further routes to decrease the fabrication time of 3D
printed structures are outlined.

One aspect frequently neglected when discussing 3D printing methods is the
overhead, which is also not included in the voxel peak printing rate. Nevertheless,
a significant amount of printing time is consumed by these overheads, which
include sample preparation, signal processing and communication overhead, stage
movement, acceleration distances, post-processing, and development. Or, in other
words, in photopolymerization-based 3D printing techniques, any processing time
in which the sample is not exposed to the laser beam or UV-light is overhead.

Indeed, for the tetragonal sample presented in section 4.3, substantial 70 % of the
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scan time are spent on acceleration and deceleration tracks, and only in 30 % of the
time the photoresin is actually exposed to the focused laser. This is accompanied
by some minor overhead caused by z-stepping, xy-stitching, and data transfer.
One option to eliminate the scan overhead is to incorporate the acceleration and
deceleration tracks in the scan trajectory – at the expense of a uniform scan
speed. In order to keep the scanner and the power modulation synchronized,
precise knowledge of the galvanometer dynamics is required. Alternatively, the
galvanometer mirrors can be operated in a closed-loop mode with continuous
position-feedback.

A possibility to increase the peak printing rate is to decrease the excitation-laser
wavelength. For instance, printing with a frequency-doubled laser-output [127,
128] at an identical focus NA halves the focus diameter and thereby increases
the peak printing rate by a factor of two [93], with the additional benefit of a
smaller voxel size. Furthermore, the undesired angular dispersion for a given
focus displacement M and a fixed bandwidth-limited pulse-length τ decreases
linearly for a blue-shifted excitation wavelength with spectral width ∆λ, which
can be seen by inserting the time-bandwidth product of a light pulse [129]

τ · ∆λ

λ2 = const. (4.1)

into Equation 3.9, resulting in

∆d
dFWHM

∝ Mλ. (4.2)

An alternative way to decrease the voxel diameter is given by stimulated emission-
depletion (STED)-inspired multi-photon printing [22]. Therein, each focus is
precisely superposed by a depletion focus with a different beam-mode, which
suppresses the polymerization in the focus periphery. In laser-scanning and
multi-focus 3D printing, the precise alignment of each focus-pair can be easily
deteriorated by optical aberrations. In the course of this thesis, it was found that
the STED-compatible photoinitiator 7-diethylamino-3-thenoylcoumarin (DETC)
can be depleted using high-power cw laser beams at the same (fundamental)
wavelength as it is excited (results not shown). Thereby, chromatic aberrations are
absent by design.

Ultimately, the peak printing rate is limited by the repetition rate of the mode-
locked laser, which is typically around 80 MHz.2 With the (lateral) voxel diameter
of 324 nm [94], a maximum scan-speed of 26 m s−1 can be achieved, resulting in

2 Beam splitting and recombining allows to increase the repetition rate [78], at the expense of
peak intensity.
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each voxel being exposed to a single laser pulse. At this point, a further increase
in the peak printing rate cannot be achieved by faster scanning anymore. However,
parallelization, which does not necessarily imply multi-focus 3D printing, is still
possible. An alternative parallelization method is to expose axially adjacent voxels
simultaneously by dynamically increasing the voxel size (i.e., decrease the focus
NA), which is also called two-photon grayscale lithography [130].

The herein presented multi-focus 3D printing approach with nine simultaneously
scanned foci faces two limits. First, the available laser power is limited - not
only by the laser source, but eventually also by the damage threshold of the used
optics. Both limitations can be eliminated by finding more sensitive photoresin
formulations, directions therefore are presented in a recent publication by P. Kiefer
et al. [83]. Second, the used dispersion-compensating telescope limits the available
aberration-free printing field. Technically it is possible to design and fabricate
a dispersion-compensating telescope with an increased field of view. However,
due to the exotic glasses and large radii of curvature, the manufacturing of such
lenses becomes a costly endeavor. As alternative to improving the dispersion-
compensating telescope, an optical arrangement which avoids the dispersion-
compensating telescope altogether is presented in the next section.

4.5 An Outlook:
Hybrid Refractive-Diffractive Beam Splitting

In section 3.3, beam splitting methods have been discussed. Diffractive beam
splitters offer diffraction efficiencies of close to 90 %, but they suffer from angular
chromatic dispersion, which needs to be compensated to obtain stigmatic foci.
The used dispersion-compensating telescope has a transmittance of about 75 %
and added a considerable fraction of group delay dispersion to the optical path.
Lens arrays on the other hand do not suffer from chromatic aberrations, but losses
due to vignetting have to be taken into account. By combining both methods,
diffractive beam-splitting and lens array beam-splitting, the disadvantages of
either method can be bypassed, enabling a highly efficient laser beam-splitting.

Figure 4.8 shows a schematic of the proposed beam splitting method. A diffractive
optical element is located at the beam waist location of a Gaussian beam and
split into separate beamlets. In contrast to the 9 × 9 DOE, for which M ≈ 250,
the DOE here diffracts the beams with a low M-value, ensuring little angular
dispersion. A converging lens focuses each beamlet, such that the (conjugate)
beam-waist is centered in the entrance pupil of one lens within the lens array [131].
The collimating lens also ensures that the chief ray of each beamlet propagates
parallel to the optical axis, i.e., making the arrangement telecentric. The lens array
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DOE Lens Lens Array

Figure 4.8: Schematic of the hybrid DOE plus lens-array beam splitter. The DOE
splits the laser beam into an array of beamlets of small M-value, i.e. with little
angular spacing. A converging lens with a long focal length f focuses the beamlet
array into the entrance pupil of the lens array. The lens array tightly focuses each
beam and thereby increases the M-value without introducing angular dispersion.
The white dashed lines indicate chief rays. The drawn distances are not to scale.

focuses each beamlet individually, which effectively increases the M-value without
introducing angular dispersion.

This arrangement of a DOE and a lens array is more power-efficient than the
DOE or the lens array by itself. By illuminating the lens array with the matching
beamlet-array, no power is lost due to vignetting. Reflection losses can be easily
avoided by coating all three elements with an anti-reflection coating. The largest
loss of power in this arrangement is caused by light diffracted into higher orders
by the DOE. However, for a given DOE diameter and DOE pixel size, the diffrac-
tion losses decrease for low M-values (see Figure 3.5). For the same reason, no
stitching is required when printing the DOE, eliminating cross-talk of the stitching
period. As further benefit, the low M-value and hence small-diameter DOE can be
printed in several minutes, which is significantly less than the two days printing
time required to fabricate the 6 mm DOE presented in section 3.4.
Moreover, due to the very recent advances in two-photon grayscale lithogra-
phy [130], tailor-made lens arrays can be 3D printed nowadays. The setup pre-
sented in chapter 3 has a high degree of modularity and allows the straightforward
integration of the presented hybrid DOE plus lens array beam splitter.
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Chapter 5

One-Color

Two-Step-Absorption

Photoinitiation

Artistic rendering of a laser-scanned trajectory.

The crucial optical nonlinearity in two-photon absorption 3D nanoprinting is provided
by the two-photon absorption process. For efficient two-photon absorption, ultrashort
pulsed laser sources are required. However, these laser sources are bulky and expensive
and therefore hinder further parallelization of 3D nanoprinters. Two-step absorption, as
alternative to two-photon absorption, does not require pulsed laser sources.
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5.1 Motivation

Two-photon absorption is at the heart of state-of-the-art polymer 3D nano- and
microprinting. For 3D printing parts with voxel sizes below 1 µm and at printing
rates above 105 voxels s−1, there is currently no alternative to two-photon 3D
printing. However, two-photon 3D nanoprinting has problems and limitations,
many of which are caused by the use of femtosecond pulsed laser sources.

As discussed in section 4.4, the continuous demand for higher printing rates in
two-photon 3D printing calls for high-power lasers. Femtosecond pulsed lasers
with higher output powers than the one used for the experiments in Part I are
commercially readily available nowadays. However, increasing the laser power
entails new issues since the used optical components have to withstand these
power levels, which is not granted. For example, at an incident laser power of
almost 1 W, the body temperature of the objective lens used in the multi-focus
3D printing experiment (see chapter 4) slightly increased during prolonged 3D
printing jobs.

Another common problem encountered in two-photon 3D printing are micro-
explosions [132], which lead to micro-cavities that locally damage 3D printed
structures. Micro-explosions are hard to avoid and occur when the focused laser
beam is linearly absorbed by impurities within the photoresin [91]. Moreover,
micro-explosions are also observed when exposing the photoresin with a laser
power above the damage-threshold laser power. For typical photoresins and 3D
printing conditions, the damage-threshold laser power is a factor of 3 above the
polymerization-threshold power [91]. However, this dynamic range narrows for
increasing peak powers [91], and hence for increased printing velocities.

Besides these technical challenges when 3D printing with high laser powers, there
are two very practical problems with the femtosecond-pulsed lasers employed in
two-photon 3D printers. These lasers are bulky and expensive. All components
included, the Ti:Sa-laser employed for the multi-focus experiments has a volume
of more than 100 L. At a price of approximately 105 Euro, it is the most expensive
component in the multi-focus setup. Both aspects hinder a more widespread
application of two-photon 3D printing and further parallelization.

In this chapter, the concept of two-step absorption photoinitiation is introduced.
Two-step-absorption photoinitiators do not rely on ultrashort pulsed laser sources
to obtain the quadratic nonlinearity, which is needed to tightly confine the de-
posited optical excitation. Instead, inexpensive cw laser sources are employed for
3D nanoprinting that do not trigger microexplosions. However, the nonlinearity
in two-step absorption photoinitiation practically constrains the minimum voxel
exposure time and hence the scan velocity, which we will discuss.
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R•R•

a b Figure 5.1: Two-photon absorption and two-
step absorption. a, Schematic energy-level di-
agram for two-photon absorption in photoini-
tiator molecules. By simultaneous absorption
of two photons via a virtual intermediate state
(dashed line), the molecule is optically excited
to an upper electronic state, whereof the initia-
tor decays into free radicals R•. b, For two-step
absorption, the virtual intermediate state is re-
placed by a real intermediate state, as indicated
by the solid line. Adapted from Ref. [53] with
permission from Springer Nature.

5.2 The Concept of Two-Step Absorption

Two-photon absorption describes the process in which a molecule in its electronic
ground-state is excited optically by simultaneous absorption of two photons via a
virtual intermediate state to a real electronic state [133]. The intermediate state
is called “virtual” since it exists only in the presence of the strong external light
field. From the excited electronic state, a photoinitiator molecule then decays into
free radicals. Thus, the concentration of radicals [R•], which we identify with the
relevant optical dose D, is proportional to the squared intensity I

D ∝ IN = I2. (5.1)

Here, N is the nonlinearity exponent, or effective order of absorption [78], which
is N = 2 for canonical two-photon absorption. As discussed in section 2.6, a
nonlinearity with N > 1 is essential in two-photon 3D printing to spatially confine
the optical dose. Importantly, this local confinement cannot be provided solely by
one-photon absorption, for which N = 1.

In two-step absorption, the virtual intermediate energy-level in two-photon absorp-
tion is replaced by a real intermediate energy-level, as illustrated by the schematic
energy-level diagram in Figure 5.1. The lifetime τ = k−1

D of the real intermediate
state is independent of the light field pulse duration. In contrast, in two-photon
absorption, the lifetime of the induced virtual state is governed by the laser pulse
duration, which is typically on the order of a few hundred femtoseconds.
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5.3 The Nonlinearity Exponent in

Two-Step Absorption

The light-field-independent finite intermediate-state lifetime in two-step absorp-
tion directly affects the nonlinearity exponent N in a 3D printing experiment. To
illustrate this, assume the intermediate-state lifetime was infinitely long. During
optical excitation of the photoresin, photoinitiator molecules will be pre-excited
to the intermediate state. This pre-excitation not only happens in the laser focus,
but also in its tails. When scanning the laser focus, eventually all photoinitiator
molecules in the photoresin are pumped to the intermediate state, from whereon
the radical decay can be triggered by one-photon absorption, i.e., by a process
with nonlinearity exponent N = 1. A unity nonlinearity exponent inevitably leads
to a loss of resolution (see also section 2.6). On the other hand, for a very short
intermediate-state lifetime, all pre-excited molecules rapidly return to the ground-
state, lowering the chances for a second photon to excite the molecule further and
trigger the polymerization reaction. Hence, as in two-photon absorption, high
laser intensities are necessary to compensate for the low re-excitation probability.
In summary, there is a tradeoff between resolution and photoresin sensitivity in
two-step-absorption 3D printing.

The behavior of the nonlinearity in between those two extremes can be studied
using a rate-equation model. A scheme of a rate model for two-step absorption
is shown Figure 5.2. The model consists of a ground state A, which is the only
populated state at time t = 0. Molecules can be optically excited from the ground
state to the state B’ with the rate coefficient k1 ∝ ϵ1 I, with ϵ1 being the molar
decadic extinction coefficient of ground state molecules and I the light intensity,
both at the used wavelength λ. From state B’, molecules decay rapidly and
nonradiatively to state B, from whereon they may decay back to the ground state
with a rate coefficient kD = τ−1. τ is the intermediate-state lifetime. Alternatively,
molecules can be re-excited from state B to state C with rate coefficient k2 ∝ ϵ2 I,
where ϵ2 is the molar decadic extinction coefficient of an intermediate-state excited
molecule. State C decays immediately to state D, which corresponds to the relevant
optical dose and is proportional to the radical concentration [R•].

The governing rate equations are

d[A]
dt = −k1[A] + kD[B], (5.2)

d[B]
dt = +k1[A]− kD[B]− k2[B], (5.3)

d[C]
dt = dD

dt = +k2[B]. (5.4)

Using the initial conditions [A] (0) = [A]0, and [B] (0) = [C] (0) = D (0) = 0,
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R•

kD

k2 ∝ ϵ2 I

k1 ∝ ϵ1 I

A

B
B’

C Figure 5.2: Energy-level model for a simple two-
step absorption photoinitiation process. At time
t = 0, only the photoinitiator ground state A is pop-
ulated. Photoinitiator molecules are optically excited
to state B’ with the intensity-dependent rate coeffi-
cient k1 ∝ ϵ1 I, from whereon they rapidly and non-
radiatively decay to state B. From state B, molecules
either decay to the ground state with the rate coeffi-
cient kD = τ−1. Alternatively, molecules are excited
by the intensity-dependent rate coefficient k2 ∝ ϵ2 I to
state C, from where they immediately decay into state
D, which is associated with the free radical concen-
tration [R•]. Adapted from Ref. [53] with permission
from Springer Nature.

this rate-equation system can be solved analytically (see section A.2). With these
expressions at hand, the nonlinearity exponent N is derived in analogy to the
nonlinearity exponent in two-photon absorption by

N (k1, k2, kD, t) =
d ln (D)

dln (I)
=

I
D

dD
dI

. (5.5)

Note that N is a function of k1, k2, kD, and the time t.

Figure 5.3 shows the temporal evolution of the energy levels (thin lines and
left-hand vertical axis) and the nonlinearity exponent (bold lines and right-hand
vertical axis) for different sets of parameters k1 and k2. For time t → 0, the
nonlinearity exponent is N = 2, which can be seen by expanding the expression
obtained for D (k1, k2, kD, t) in a Taylor series around t = 0, where the leading
term of the dose is proportional to I2t2. The nonlinearity decreases monotonically
and approaches N = 0 once the ground state is fully depleted, i.e., [A] = 0.
However, we assume that the polymerization-threshold is reached long before all
photoinitiator is consumed [134] and define the following threshold condition:

D
(

texp

)
= 10 %. (5.6)

At the polymerization-threshold exposure-time texp, the nonlinearity exponent in
all three cases is N > 1.

A more detailed understanding of the nonlinearity exponent can be derived from
Figure 5.4. Panel a shows a false-color diagram of the exposure time in units
of the intermediate-state lifetime texpτ−1 = texp kD versus k1/kD and k2/kD. The
exposure time decreases from the bottom left towards the top right, i.e., for
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Figure 5.3: Temporal evolution of the energy-level population for different sets
of rate coefficients. The values used for k1 and k2 are expressed in units of kD and
provided in the legend. Note that k1 and k2 are proportional to the light intensity. The
state populations of [A], [B], and [C] are plotted using thin lines (left-hand vertical
scale), whereas the nonlinearity exponent N is plotted using a bold line (right-hand
vertical scale). The dots and circles indicate the time texp at which the threshold
condition is met. Adapted from Ref. [53] with permission from Springer Nature.

increasing intensity I. Panel b shows a false-color diagram of the nonlinearity
exponent N at time t = texp plotted against k1/kD and k2/kD, i.e., the same axes
as in panel a. The nonlinearity exponent approaches N = 2 if the conditions
k1 < kD and k2 < kD are fulfilled. If either k1 > kD or k2 > kD, the nonlinearity
exponent decreases to N = 1. However, if both rate coefficients are balanced and
larger than kD, i.e., k1 ≈ k2 > kD, the nonlinearity exponent is 1 < N < 2, even
for high intensities or, equivalently, short exposure times. From this nonlinearity
N > 1, one might get the impression that two-step-absorption 3D printing is
possible with arbitrarily short exposure times, as long as k1 equals k2. However,
the discussion above neglects the temporal nonlinearity Ñ, which is defined by

Ñ (k1, k2, kD, t) =
d ln (D)

dln (t)
=

t
D

dD
dt

. (5.7)

Panel c of Figure 5.4 shows a false-color diagram of the temporal nonlinearity
Ñ(texp). For k1 ≈ k2 > kD, the temporal nonlinearity is Ñ > 1, i.e., the dose D
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Figure 5.4: False-color diagrams of the exposure time, the nonlinearity, and the
temporal nonlinearity. a, Normalized exposure time texp kD plotted on a double-
logarithmic scale as a function of k1/kD and k2/kD. b, Nonlinearity exponent N at
t = texp. c, Temporal nonlinearity Ñ at t = texp. In all panels, the white diagonals
are lines of constant extinction coefficient ratio ϵ2/ϵ1. Moving along the diagonals
from bottom left to top right corresponds to an increase in light intensity. The dots
and circles correspond to the exposure conditions shown in Figure 5.3. The dashed
contour indicates data points plotted in Figure 5.7. Adapted from Ref. [53] with
permission from Springer Nature.

increases nonlinearly with time via

D ∝ IN tÑ. (5.8)

Figure 5.5 illustrates the consequences of Ñ > 1 in a 3D printing scenario. The
lower panel of Figure 5.5 shows a double-logarithmic diagram of the dose D
plotted versus the intensity I, expressed in terms of k1/kD = k2/kD. The diagram
shows solutions for logarithmically spaced exposure times texp/kD. The dashed
gray line indicates the threshold dose Dth. The upper panel shows the nonlinearity
N(texp) (blue curve) and the temporal nonlinearity Ñ(texp) (red curve). For low
intensities, the nonlinearity is N ≈ 2 and the temporal nonlinearity is Ñ ≈ 1,
i.e., Dth depends nonlinearly on Ith, but linearly on texp. In contrast, for large
intensities, Ñ = N ≈ 1.7, i.e., the dose depends nonlinearly on both, Ith and texp.
Consider two exposure scenarios with equal deposited dose D = Dth. The first
exposure has an exposure time of texp,1/kD = 101 (filled blue square), and the
second one a 100 times longer exposure time, i.e., texp,2/kD = 103 (open blue
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Figure 5.5: Comparing exposures with and without temporal nonlinearity. The
lower panel shows a double-logarithmic diagram of the dose plotted versus the
intensity for logarithmically scaled exposure times. The intensity is expressed in
terms of k1/kD = k2/kD, i.e., for the case of ϵ1 = ϵ2 = 1. The gray dashed line
indicates the threshold dose Dth, the gray diagonals have a slope of 2. For long
exposure times (blue lines), the dose is D ∝ I2texp. For short exposure times (green
lines), the dose is D ∝ I2t2

exp. The upper panel shows the (intensity) nonlinearity N
(blue curve) and the temporal intensity Ñ (red curve).

square). In this regime, the ratio of the threshold intensities is Ith,1/Ith,2 ≈ 10,
which is the same ratio as for canonical two-photon absorption (see section 3.1).
Now, consider another pair of exposures using much shorter exposure times with
texp,3/kD = 10−2 (filled green dot), and texp,4/kD = 1 (open green circle). In this
case, the ratio of the threshold intensities is Ith,3/Ith,4 ≈ 100, which is the same
ratio as for canonical one-photon absorption.

Thus, if the dose scales nonlinearly with the exposure time, i.e., Ñ > 1, a non-
linearity N > 1 is, in general, insufficient to warrant the required nonlinearity
for 3D printing (see section 2.6). This statement can be further refined. First, the
false-color diagram of Ñ(texp) displayed in Figure 5.4c shows that the regime for
which Ñ > 1 is limited to k1 ≈ k2 > kD. Second, Ñ and the nonlinearity N are
no global properties, but depend on the local intensity and on the local exposure
history of the photoresin. Hence, it is possible that Ñ ≈ 2 (or N ≈ 1) in the focus
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Figure 5.6: Plot of the thresh-
old intensity versus the expo-
sure time texp. The threshold in-
tensity is proportional to k2/kD,
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axis. The ratio of the extinction
coefficients is ϵ2 = 100ϵ1. At
t · kD = t/τ ≈ 10, the curve
changes its slope from −1 to
−1/2. Adapted from Ref. [53]
with permission from Springer
Nature.

of an intense laser beam, whereas Ñ ≈ 1 (or N ≈ 2) is obtained in the tails of the
focused beam.

In summary, to obtain a nonlinearity exponent of N > 1 and a temporal nonlin-
earity Ñ = 1, one must ensure low rate coefficients k1 < kD and k2 < kD. Using
Figure 5.4a, this condition can be converted to an upper bound for the exposure
time. For the case of ϵ1 = ϵ2, this bound is texp ≳ 2τ. In laser-scanning 3D
nanoprinting, the exposure time is inversely proportional to the scan velocity vscan
and the voxel FWHM-diameter dFWHM, i.e.,

vscan ∝
dFWHM

texp
. (5.9)

Thus, for a given voxel size, the maximum scan velocity at which N > 1 and
Ñ = 1 is limited in two-step absorption and depends on the intermediate-state
lifetime τ = k−1

D . This limit is in sharp contrast to two-photon absorption 3D
printing, where the nonlinearity exponent is independent of the scan velocity.

Experimentally, photoresins are characterized in point-exposure experiments, in
which the threshold intensity Ith is measured for various exposure times texp.
Figure 5.6 shows the threshold intensity Ith, expressed in terms of k1/kD, plotted
against the exposure time texp/τ = texp kD with a ratio of the extinction coefficients
of ϵ2 = 100 ϵ1. This corresponds to the cut of Figure 5.4a along the diagonal labeled
“102”. The parameters are chosen for direct comparison with the results of the
point-exposure experiments discussed in subsection 6.3.1. In the plot, the slope
changes from −1 to −1/2 at texp ≈ 10τ. From the relation Dth ∝ IN

th tÑ, it can be
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seen that the slope of the curve indicates the negative fraction of Ñ and N, i.e.,

d ln (Ith)

dln(texp)
= − Ñ

N
. (5.10)

For the used pair of extinction coefficients, the temporal nonlinearity is Ñ ≈ 1 (see
Figure 5.4c) and the slope of the curve is equal to −1/N.

5.4 Good Two-Step-Absorption Initiators

From the simple rate model proposed in section 5.3, we have learned that a two-
step-absorption photoinitiator must have a sufficiently short intermediate-state
lifetime. However, this condition is yet very vague and will be specified in more
detail below. We will discuss five further criteria that a good two-step-absorption
photoinitiator should fulfill.

5.4.1 Intermediate-State Lifetime

As discussed in section 5.3, the intermediate-state lifetime of the photoinitiator
limits the maximum laser-focus scan velocity at which the desired nonlinearity
exponent N = 2 is obtained. However, a short intermediate-state lifetime also
implies a large polymerization threshold intensity. These two constants must be
balanced for the target application.

Commercially available laser-scanning 3D nanoprinting setups currently achieve
(single focus) peak printing rates on the order of kscan = 3 · 105 voxels s−1 [9]. This
printing rate corresponds to a voxel exposure time of k−1

scan = 3 µs. From the rate-
model calculations in section 5.3, we have learned that for two-step absorption,
the voxel exposure time must remain well above the intermediate-state lifetime
in order to obtain a nonlinearity exponent N ≈ 2. Thus, for high-speed 3D laser
printing, an intermediate-state lifetime of τ < 3 µs is desired.

So far, the nature of the intermediate-state was not further specified. With the
constraint on the intermediate-state lifetime at hand, we can pick suitable transient
molecular state candidates. Upon optical excitation, an organic molecule under-
goes an electronic transition from the ground-state to a higher electronic singlet
state. In general, the molecule is excited to a vibronically excited singlet state, from
which it will relax to the lowest excited singlet state within picoseconds [135]. The
lifetime of the lowest excited singlet state is on the order of nano- to microseconds
for most organic molecules [135, 136]. Molecules in their first excited singlet state
decay either to the singlet ground-state or, via intersystem crossing, to the triplet
manifold. Energetically, the lowest triplet-state energy is located below the first
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excited singlet-state and typical triplet-state lifetimes of organic molecules are
on the order of micro- to milliseconds [135], but can even be seconds long [136].
However, quencher molecules like oxygen lower the triplet-state lifetime.

Therefore, excited singlet-states and triplet-states qualify as candidates for interme-
diate states in two-step absorption. On the one hand, the short intermediate-state
lifetime offered by excited singlet-states allows for short exposure times, while on
the other hand, such short intermediate-state lifetimes require high light intensity
levels to reach the polymerization threshold. For the longer lived excited triplet-
state molecules, the situation is the other way round. However, there the lifetime
can be conveniently tuned using quencher molecules. Hence, we will focus on
two-step photoinitiators with a triplet intermediate-state in the following.

Singlet and triplet states are not the only candidates for two-step absorption
intermediate states. For instance, photochromic molecules have been suggested as
two-step-absorption photoinitiators and employed in holography [137, 138]. The
therein used photochromic molecule, a spiropyrane, undergoes a ring-opening
reaction when excited with near-UV light. The isomer formed as an intermediate
product by the ring-opening reaction can be further excited optically, or revert back
to the original ring-closed form in a thermally or optically activated reaction. The
intermediate-state lifetime of photochromic molecules ranges from microseconds
to minutes [139] and is a topic of ongoing research.

5.4.2 Ground-State and Excited-State Extinction

As second criterion, a good one-color two-step photoinitiator must absorb light
at one given wavelength λ in both, its ground-state and in its intermediate state.
Otherwise, one-color two-step absorption is simply not possible. There are cases in
which a two-step-absorption photoinitiator in its intermediate state is practically
transparent at the wavelength λ. However, a nonzero transient-extinction may
exist at a second, different wavelength λ2. The latter case is referred to as two-color
two-step-absorption photoinitiation and will be discussed in detail in chapter 7

and chapter 8. Within this chapter and chapter 6, two-step absorption refers to
the case of one-color two-step absorption.

In two-photon absorption, the focused laser beam traverses the photoresin from
the objective lens to the focal plane almost unattenuated. In contrast, in a two-step
absorption photoresin, the focused laser beam is attenuated during propagation.
After propagating a distance d in a photoresin with photoinitiator concentra-
tion c and a (linear) extinction coefficient ϵ1, the incident chief-ray-power1 P0 is

1 For objective lenses with a planar front-lens, the distance from the front-lens to the focal plane
through the photoresin is longer for the marginal ray than it is for the chief ray.
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Figure 5.7: The trade-off between a
low threshold intensity and a high
nonlinearity. For a fixed exposure
time texp = 10τ and ground-state ex-
tinction ϵ1, the threshold intensity, ex-
pressed in terms of k1,exp/kD (blue), de-
creases for large values of ϵ2. The non-
linearity N (red) is maximal for ϵ2 = ϵ1.
The gray diagonal lines have a slope of
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attenuated according to Beer’s law by

P = 10−ϵ1cdP0. (5.11)

To illustrate the consequences of Beer’s law, assume a photoresin with a pho-
toinitiator concentration of 50 mm and a decadic extinction coefficient of ϵ1 =
103

m
−1 cm−1. These values yield a (decadic) extinction of ϵ1c = 50 cm−1. After

a propagation distance of 300 µm, which is a typical microscope-objective free
working-distance, the total power at the focal plane is reduced to a meager inten-
sity P = 3 % P0. The remaining power is absorbed within the resin, adding up
to the accumulated dose. Hence, the photoresin’s extinction at the wavelength
λ must remain sufficiently low, i.e., below ϵ1c = 5 cm−1 when used with dip-in,
high-NA objective lenses.

The constraint of a fixed ground-state extinction can be taken into account in the
rate-model calculations discussed in section 5.3. Then, the exposure time texp and
the transient extinction coefficient ϵ2 alone determine the threshold intensity Ith.
In Figure 5.7, the rate coefficient k1,exp, which is proportional to the threshold
intensity Ith, is plotted versus the extinction coefficient ratio ϵ2/ϵ1 on a double-
logarithmic scale for a fixed exposure time texp = 10τ. The threshold intensity
decreases with increasing excited-state extinction coefficient. On the right vertical
axis, the nonlinearity exponent N is plotted. N is maximal for equal extinction
coefficients ϵ2 and ϵ1. Hence, for a two-step-absorption photoinitiator with a low
polymerization threshold intensity, the transient extinction coefficient ϵ2 should
be large. Then again, to obtain a high nonlinearity exponent N at short exposure
times, both extinction coefficients should be equal. Thus, in two-step absorption
there is a compromise between photoresin sensitivity and maximum scan speed,
which places an upper bound on ϵ2. Note that in two-photon absorption, there is
no upper bound for the two-photon absorption cross-section.
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5.4.3 Inert Intermediate State

So far, we have assumed that no polymerization reactions are triggered from
the intermediate state. If this requirement is not fulfilled, we are effectively
dealing with a one-photon-absorption photoinitiator. In practice, an inert behavior
can be encouraged by furnishing the intermediate state with little energy. For
instance, typical bond-cleavage energies in photoinitiators are on the order of a
290 kJ mol−1 = 3.0 eV [84]. Ensuring that the intermediate-state energy is below
this energy level ensures that bond-cleavage reactions are suppressed. However,
other types of undesired reactions may well be triggered below this energy
threshold, for instance intra- or intermolecular hydrogen abstraction. Hence, it is
of prime importance to suppress any polymerization reaction triggered from the
intermediate-state.

5.4.4 Solubility

As forth criterion, the two-step-absorption photoinitiator molecule should dissolve
in adequate amount in the liquid acrylic monomer, otherwise the initiator is
of little use. For instance, polycyclic aromatic hydrocarbons are notoriously
difficult to dissolve in acrylic monomers. In contrast, compounds bearing extended
aliphatic chains dissolve much easier [83]. To some extent, low solubility can be
compensated by a large extinction coefficient.

5.4.5 Location of the Absorption Band

In 3D laser nanoprinting, a laser beam is tightly focused by high-NA microscope
objectives. These refractive objectives consist of several glass-lens groups to correct
for optical aberrations [140]. However, most glasses do not transmit UV-light
well [141], hence limiting the usable excitation wavelength range to the near-UV,
visible and, infrared. Therefore, two-step-absorption photoinitiators in which
either the first or the second excitation-step requires deep-UV-excitation, are prob-
lematic. A UV absorption band is less problematic in two-photon absorption since
the excitation happens at the fundamental wavelength, i.e., twice the wavelength
of the absorption band.

5.4.6 Efficient Photoinitiation

So far, I have tacitly assumed that the final D state in our model triggers a
(free-radical) polymerization. However, this behavior is not granted for two-step
absorption compounds — processes like reverse intersystem crossing from the
upper excited state C are well conceivable [135]. The vast majority of common
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one-step photoinitiators are ketones and aldehydes, which incorporate at least one
carbonyl group [84]. Ketones and aldehydes are able to initiate photopolymeriza-
tion via a Norrish type I or Norrish type II reaction (see also section 2.7), which
makes those compounds promising two-step-absorption initiator candidates.

It should be emphasized, however, that there are other two-step-absorption pho-
toinitiator systems, that do not incorporate a carbonyl unit. For one, there are
photochromic systems (see subsection 5.4.1). Moreover, the combination of an α-
quinquethiophene as photosensitizer with 3,3’-diazidodiphenylsulfon as acceptor
as two-step-absorption photoinitiator system was reported [142, 143]. In the latter
system, however, the α-quinquethiophene suffers from poor solubility and the
polymerization threshold intensity of the entire system is comparably large.

5.5 Two-Step-Absorption Photoinitiator Candidates

Table 5.1 lists a selection of aldehydes and ketones and their triplet energies
ET [136]. According to our third criteria, a low intermediate-state energy is
preferred for a good two-step-absorption initiator. Furthermore, according to
the fifth criterion, the two-step absorption initiator should have its absorption
band in the visible - something that is true for the four candidates of lowest
triplet-state energy. Fluorescine has been used extensively as fluorescent marker
in microscopy, and as such, it has a high fluorescence quantum yield [144].
Furthermore, fluorescine consists of several aromatic rings, which do not dissolve
well in acrylic monomers. Similarly, Fluorenone, which comprises two aromatic
rings, can be expected to not dissolve well in acrylic monomers.

The next two candidates in Table 5.1 with low triplet-energy level are benzil
(diphenylethanedione) and biacetyl (butane-2,3-dione), which both belong to the
group of α-diketones. In the next chapter, we will see that they fulfill almost
all criteria for good two-step-absorption photoinitiators. However, despite their
low triplet-state energy, both molecules trigger reactions from their triplet state.
Furthermore, whereas benzil with its overlapping ground-state and triplet-state
absorption-spectra qualifies as one-color two-step-absorption photoinitiator, the
ground-state and triplet-state spectra in biacetyl are well separated — hence
making biacetyl a good two-color two-step-absorption photoinitiator.
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Table 5.1: List of aldehydes and ketones and their triplet-state energies ET. The
entries are from Ref. [136].

Compound ET / eV Compound ET / eV

Xanthone 3.2 Flavone 2.7
Acetophenone 3.2 Michler’s ketone 2.6
Diisopropylketone 3.2 4-Acetylbiphenyl 2.6
Benzaldehyde 3.1 2-Acetonaphthone 2.6
1,2-Dibenzoylbenzene 3.0 1-Naphthylphenylketone 2.5
Benzophenone 3.0 1-Acetonaphthone 2.4
1,4-Diacetylbenzene 2.9 1-Naphthaldehyde 2.4
4-Cyanobenzophenone 2.9 Biacetyl 2.4
Thioxanthone 2.8 Benzil 2.3
Phenylglyoxal 2.7 Fluorenone 2.3
Anthraquinone 2.7 Fluorescine (acid) 2.2
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Chapter 6

One-Color

Two-Step-Absorption

3D Nanoprinting

Artistic rendering of two-step-absorption 3D nanoprinting using benzil.

I have selected two potential two-step-absorption photoinitiator candidates in chapter 5.
In this chapter, one candidate, benzil, is introduced in more detail and finally used in 3D
nanoprinting experiments.
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6.1 Benzil as Two-Step-Absorption Photoinitiator

6.1.1 Structure and Electronic States

The 2D and 3D chemical structures of benzil are shown in Figure 6.1. Benzil
consists of two adjacent carbonyl groups and hence belongs to the group of α-
diketones. One phenyl ring is attached to each carbonyl. In its singlet ground-state,
benzil has a skewed confirmation, meaning that the two carbonyl groups do not
lie in a common plane but in planes that are twisted by a dihedral angle of 117◦

(see Figure 6.1b) [145]. However, without coinitiators, benzil is not known to be a
good photoinitiator. In fact, benzil has been referred to as “[. . . ] a relatively poor
photoinitiator and is seldom used” [84].

Figure 6.2 shows a Jablonski-diagram for benzil in benzene, based on the work
of Flamigni et al. [147]. Singlet ground-state benzil can be optically excited
to the excited singlet-manifold by absorption of blue- or UV-light. From the
lowest excited singlet state S1, benzil fluoresces with a low quantum yield of
less than 0.1 % [147]. The main relaxation pathway from the S1 state is via
intersystem crossing to the triplet manifold, which happens with a quantum yield
of 92 % [148]. In the triplet state, benzil changes its conformation to a trans-planar
form [149]. From the lowest triplet state T1, the main deactivation pathway in an
inert solvent is via reverse intersystem crossing to the singlet manifold [147]. While
phosphorescence from the T1-state is observed only with a low quantum yield of
3.1 %, the phosphorescence decay time in a deoxygenated benzene solution at a
temperature of 20 ◦C is 80 µs [147].

6.1.2 Ground-State and Transient Spectra

The overlapping ground-state and intermediate-state spectrum is one important
criterion for a two-step-absorption photoinitiator(see subsection 5.4.2). Figure 6.3
shows the ground-state and triplet-state spectra of benzil in acetonitrile and ben-

Figure 6.1: Molecular structure
of benzil. a, Skeletal structure of
benzil. b, 3D rendering of benzil
in its ground-state, according to
Ref. [146]. The skewed geometry
is outlined by two planes.

a b
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Figure 6.2: Jablonski-diagram of benzil, based on Ref. [147]. Ground-state molecules
are optically excited to the upper singlet manifold and rapidly relax to the lowest
excited singlet-state S1. From S1, intersystem crossing to the triplet manifold happens
with a high quantum yield. From the lowest triplet-state T1, molecules can either
decay to singlet ground-state S0 by reverse intersystem-crossing, by quenching, or
by emitting phosphorescence. Alternatively, molecules in the T1-state can be further
optically excited to a higher triplet-state Tn, from where molecules readily dissociate
into free radicals R• [150]. Depending on the solvent, a bimolecular hydrogen-
abstraction reaction is possible from the lowest triplet-state. Adapted from Ref. [53]
with permission from Springer Nature.

zene, respectively. The data for the triplet-state spectrum are taken from Ref. [151].
The ground-state spectrum has a n − π∗ absorption band [149] at a wavelength
of 380 nm, whose tails extent into the visible. At 405 nm wavelength, benzil has a
molar decadic extinction coefficient of 40 m

−1 cm−1. The excited-state spectrum
on the other hand shows characteristics of a π − π∗ transition [136], with a peak
extinction coefficient of 8 · 103

m
−1 cm−1 at a wavelength of 480 nm. However, the

absolute value of the triplet-state extinction coefficient must be considered to have
a substantial uncertainty since another group has measured a peak extinction
coefficient of 12 · 103

m
−1 cm−1 [152]. At the wavelength 405 nm, the triplet-state

extinction coefficient is approximately 4 · 103
m

−1 cm−1 and hence 100 times larger
than the ground-state extinction coefficient at the same wavelength.

6.1.3 Intermediate-State Properties

As listed in Table 5.1, the T1-state of benzil lies at 2.3 eV and is hence below the
bond-cleavage energy of ≈ 3 eV [153]. However, upon further optical excitation
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Figure 6.3: Absorption spectra of ben-
zil. Ground-state (dark-blue) and excited-
state (light-blue) molar decadic extinction
coefficient of benzil, measured in acetoni-
trile and benzene, respectively. Note that
the excited-state spectrum is scaled by
a factor 100. The data for the excited-
state spectrum is taken from Ref. [151].
Adapted from Ref. [53] with permission
from Springer Nature.
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into an excited triplet-state, sufficient energy is provided to overcome this energy
barrier and to fragment benzil into two radicals [150, 153, 154]. This energy
barrier ensures the desired two-step photoinitiation behavior [150]. Having said
that, benzil in its triplet ground-state is able to abstract hydrogen atoms from
nearby susceptible groups, leading to the formation of free radicals [154]. This is a
common and well-known reaction of ketones [136, 155], which is undesired for a
two-step-absorption photoinitiator.

6.1.4 Triplet Quenching

One option to suppress the hydrogen-abstraction reaction is to employ triplet
quenchers [136]. In a photoresin, a quencher molecule promotes the relaxation of
triplet-state molecules to the singlet ground-state or another, nonradiative state.
One quencher that is present in all photoresins at ambient conditions is solvated
molecular oxygen [60, 88, 152]. In a carbon tetrachloride solution, oxygen quenches
benzil at a considerable rate of 0.5 · 109

m
−1 s−1, somewhat below the diffusion-

limited rate of 3 · 1010
m

−1 s−1 [156]. However, oxygen also scavenges free radicals
to peroxy radicals, and is hence depleted in the course of the polymerization [60,
88].

Adjusting the oxygen concentration in a photoresin during 3D printing is cum-
bersome and challenging. Therefore, another quencher molecule, bis(2,2,6,6-
tetramethyl-4-piperidyl-1-oxyl) sebacate (BTPOS), is introduced in the photoresin
to counteract the intermediate-state reaction (see Figure 6.4). The molecular struc-
ture of BTPOS is shown in the inset of Figure 6.4. One molecule contains two
linked (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-moieties.

TEMPO, which has an aminoxyl group and belongs to the group of hindered
amine light-stabilizers [157], is a persistent, or stable, radical. A persistent radical
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Figure 6.4: Molecular structure and opti-
cal extinction coefficient of the quencher
and scavenger molecule BTPOS. Plot
of the molecular decadic extinction co-
efficient of BTPOS in acetonitrile. In-
set: Structure formula of BTPOS, which
consists of two linked TEMPO-moieties.
Adapted from Ref. [53] with permission
from Springer Nature.

does not react with other radicals of the same kind, i.e., it does not self-terminate,
yet it reacts with other free radicals. Nitroxide-mediated radical polymerization
takes advantage of this effect [158]. In solution, TEMPO quenches benzil’s triplet
state at a rate close to the diffusion limit [159] and thereby favorably decreases
benzil’s effective triplet-lifetime. Furthermore, TEMPO can suppress hydrogen-
abstraction reactions from its own excited state [160].

Thus, benzil in combination with a suitable quencher like BTPOS fulfills all criteria
for a one-color good two-step-absorption photoinitiator. To confirm this finding,
results of 3D nanoprinting experiments with benzil-containing photoresin are now
presented.

6.2 Methods

6.2.1 Photoresin Compositions

In the following, photoresin compositions used in the 3D nanoprinting exper-
iments are listed. For simplicity, the photoresins are labeled as “PR1”–“PR4”.
Benzil, TEMPO, and Pentaerythritol triacrylate (PETA) are purchased from Sigma-
Aldrich (now Merck KGaA). BTPOS is purchased from TCI Chemicals. Trimethy-
lolpropane triacrylate (TMPTA) is purchased from Alfa-Aesar. IP-Dip NPI is
purchased from Nanoscribe GmbH & Co. KG. Irgacure 369 is purchased from
Ciba Speciality Chemicals (now IGM Resins B.V.). All photoresins are mixed and
used in yellow-light conditions. For each of the below listed photoresins, variants
containing less or no BTPOS are also prepared.

pr1 21.0 mg benzil and 25.6 mg BTPOS are dissolved in 1 mL of PETA. This
composition corresponds to a final concentration of 1.7 wt% (100 mm) benzil
and 2.1 wt% (50 mm) BTPOS. To dissolve all ingredients, the mixture is
stirred on a hot plate at 45 ◦C for 4 h.
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pr2 21.0 mg benzil and 25.6 mg BTPOS are dissolved in 1 mL mixture of 70 vol%
IP-Dip NPI and 30 vol% PETA. The ratio of the two monomers is adjusted
to obtain a diffraction-limited focus in dip-in printing mode [72] at 405 nm
wavelength. This photoresin composition corresponds to a final concentra-
tion of 1.8 wt% (100 mm) benzil and 2.2 wt% (50 mm) BTPOS. To dissolve all
ingredients, the mixture is stirred on a hot plate at 45 ◦C for 4 h.

pr3 21.0 mg benzil and 25.6 mg BTPOS are dissolved in 1 mL TMPTA. This com-
position corresponds to a final concentration of 1.8 wt% (100 mm) benzil and
2.2 wt% (50 mm) BTPOS. To dissolve all ingredients, the mixture is stirred
on a hot plate at 45 ◦C for 4 h.

pr4 18.3 mg Irgacure 369 and 12.8 mg BTPOS are dissolved in 1 mL PETA. This
composition corresponds to a final concentration of 1.5 wt% (50 mm) benzil
and 1.1 wt% (25 mm) BTPOS. Due to its lower solubility, the absolute con-
centration of Irgacure 369 in PR4 is lower than the absolute concentration
of benzil in PR1-PR3. The relative molar concentration of photoresin and
quencher is kept constant. To dissolve all ingredients, the mixture is stirred
on a hot plate at 45 ◦C for 4 h.

6.2.2 Focus-Scanning 3D Nanoprinting Setup

A custom 3D nanoprinting setup is used to characterize one-color two-step-
absorption photoresins and to print 3D structures. Joachim Fischer originally
assembled the setup [76], and since then, it has been rearranged several times. The
setup in its most recent state, as schematically depicted in Figure 6.5, is enhanced
with further cw lasers, a galvanometric beam-scanner and the corresponding
optics and electronics by the author together with Tobias Messer.

Five different laser sources are installed in this setup, any two of which can be
used simultaneously. The first laser is a Ti:Sa laser (Spectra-Physics MaiTai HP),
whose emission wavelength is tunable in the range of 690 nm to 1040 nm. While
this laser is designed to emit femtosecond pulses, it can be operated in a non-
modelocked mode by reducing the pump power and by disabling the intracavity
AOM. The Ti:Sa laser power is modulated by an (extracavity) AOM (AA Opto
Electronic MTS-40-A3-750.850).

A second expanded laser beam is emitted by a 488 nm wavelength, fiber-coupled
(Schäfter&Kirchhoff 60FC-4-M8-33), current-modulated, diode-laser (Toptica iBeam
smart-488-S-HP). The beam is combined by a dichroic shortpass beam splitter
(Edmund Optics 69-206) with the expanded Ti:Sa laser beam. Both beams pass the
PBC in transmission.
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Figure 6.5: Scheme of the main components of the focus-scanning 3D nanoprinting
setup. The setup consists of five beam paths, which are combined by dichroic mirrors
(DM1 and DM2), a kinematic flip mirror (FM), and a polarizing beam combiner
(PBC). Three lasers are fiber-coupled, whereas the deep-blue laser diode (LD) and the
Titanium-Sapphire (Ti:Sa) laser emit into a free-space mode. The power of the Ti:Sa
and LD beams is adjusted with a half-wave plate and a polarizer (PBC). For the Ti:Sa
beam, a Glan-Laser polarizer (GL) is used. The power of the Ti:Sa beam is modulated
by an AOM, all other lasers are current-modulated. Galvanometric mirrors (Gx and
Gy) deflect the laser beams in the x- and y-direction. The dashed line located at the
conjugated objective entrance-pupil indicates a 90◦ rotation of the drawing plane
around the z-axis. A telescope formed by a scan lens (SL) and a tube lens (TL1)
images both galvanometer mirrors to planes close to the objective entrance-pupil.
Circular polarization can be obtained by placing an apochromatic quarter-wave plate
near the entrance pupil. The objective focuses the laser beams tightly through a
coverslip into the photoresin, which is mounted on a piezoelectric-actuated stage.
The piezo stage in turn is mounted on a motorized stage for coarse positioning (not
shown). In point-exposure experiments, an APD monitors the pulse lengths of the
filtered light of the 405 nm wavelength laser diode. A camera (CAM) is used to
observe the sample plane, which is illuminated by a red light-emitting diode (LED).
Created using “ComponentLibrary” [116] by Alexander Franzen (CC BY NC 3.0).

Third, the expanded beam of a fiber-coupled (Schäfter&Kirchhoff PMC-400Si-2.3-
NA014 3-APC-300-P, Schäfter&Kirchhoff 60SMS-1-4-M12-33) 445 nm wavelength
diode-laser (Picoquant LDH D-C-440), whose power is modulated by an AOM
(AA Opto Electronic MT80-1.5-400.442), is used.

Alternatively, the 445 nm wavelength beam can be replaced by a kinematic mirror
for a 405 nm wavelength beam, emitted by a current-modulated laser-diode (Thor-
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labs L405P150), mounted on a thermoelectrically cooled (TEC) laser-diode driver
(Thorlabs LDM56/M). The laser diode nominally emits in a single spatial-mode.
However, the emitted beam is elliptic and astigmatic. Hence, the beam profile is
cleaned by a 10 µm-diameter pinhole (Thorlabs P10C), which is mounted in a Kep-
lerian telescope. The maximum laser power of the 405 nm wavelength laser diode
is adjusted using a half-wave plate (Thorlabs WPHSM05-405) in combination with
the subsequent PBC.

Finally, the deep-blue laser beam is combined by a longpass dichroic mirror
(Thorlabs DMLP 567) with the beam of a current-modulated, fiber-coupled 640 nm
wavelength diode-laser (Toptica iBeam smart PT-640). The combined beams are
reflected in the PBC and combined with the Ti:Sa laser beam and the 488 nm-
wavelength laser beam.

After passing the PBS, all beams are deflected by a pair of galvanometric mirrors
(Pangolin Laser Systems, Saturn 5B 56S). In contrast to the setup proposed in
chapter 3, where either axis of the galvanometric mirror-pair is imaged onto the
other, the mirrors in this setup are mounted tightly spaced around the conjugated
pupil plane.

The galvanometric mirrors are mounted near the rear entrance-port of a micro-
scope body (Leica DM IRB), where the mirrors are imaged by a pair of achromatic
lens-doublets (Thorlabs ACL254-100-A and ACL-254-150-A) to planes near the
objective entrance-pupil. The oil-immersion microscope-objective (Leica HCX PL
APO 100×/1.4-0.7 Oil CS, Leica type F immersion liquid) tightly focuses the laser
beams through a glass coverslip (Paul Marienfeld, #1.5H) into the liquid photoresin.
The sample with the glass coverslip is mounted on a pizoelectric-actuated three
axis stage (Physik Instrumente P-527.3CL), which in turn is mounted on a motor-
ized stage (Märzhäuser-Wetzlar Scan IM 120 × 100). For 3D printing experiments
of 3D structures that exceed an axial extent of 20 µm, the piezo-actuated stage is
replaced by one with an extended travel range (Physik Instrumente P563.3CD).

Laser powers are measured using a semiconductor power sensor (Coherent TP86)
at the objective pupil plane. Furthermore, an APD (Thorlabs APD410A/M) is
mounted at the idle exit port of the PBS. The APD is used to monitor the pulse
shape emitted by the 405 nm laser diode during point-exposure experiments.

The movements of the piezo-actuated stage, the motorized stage, the galvanomet-
ric mirrors, and the electronic power modulation is concerted by two computer-
controlled high-speed digital-analog boards (National Instruments PCI-6731, Na-
tional Instruments PCI-MIO-16XE-10). These boards also acquire analog voltage
signals, e.g., the voltage signal of the APD. The control software originally written
by Joachim Fischer, Jonathan Müller, and Patrick Müller was further enhanced,
e.g., to address the galvanometric laser-scanners.
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Figure 6.6: Measured laser fo-
cus intensity distribution for
the 405 nm wavelength laser
beam. The left panel shows a
cut in the xz-plane, the right
panel a cut in the yz-plane. The
FWHM-diameter is obtained by
fitting a two-dimensional Gaus-
sian distribution on the mea-
sured data. The intensity profiles
are measured for a linearly polar-
ized laser beam, i.e., without the
quarter-wave plate in front of the
objective lens pupil. Hence, the
lateral FWHM-values differ [76].
Adapted from Ref. [53] with per-
mission from Springer Nature.

6.2.2.1 Focus Characterization

Although the objective lens is nominally aberration-corrected for parallel ray-
bundles, i.e., “collimated beams”, a diffraction-limited focus is only obtained for
slightly convergent or divergent beams. The optimum divergence depends on the
beam wavelength and hence must be optimized for each laser beam individually,
using the corresponding telescope or fiber-coupler. To assess the focus quality, a
glass coverslip, spin-coated with 80 nm gold-beads, which are embedded in a layer
of cured optical adhesive, is scanned through the laser focus. The backscattered
signal is collected by a semiconductor photodiode (not depicted) and recorded by
the computer [76]. With the setup, the foci of two laser beams can be analyzed
simultaneously, which is important to precisely superimpose both foci in all three
dimensions for two-color excitation experiments [76]. However, in general, it is not
possible to overlay two entirely aberration-free foci of different laser wavelengths
despite the apochromatic objective lens.

Figure 6.6 shows two false-color diagrams of measured focus intensity profiles
for the 405 nm wavelength laser beam. A two-dimensional Gaussian intensity-
profile is fitted to the data. The resulting axial and lateral FWHM-diameters are
highlighted by a dashed ellipse and the obtained values for the (squared) intensity
FWHM in x, y, and z are 163 nm (120 nm), 152 nm (113 nm) and 393 nm (288 nm).
The axial values are averages from both measured intensity profiles. The difference
in the lateral intensity profiles is caused by the linearly polarized laser beam used
for this measurement [76]. From these values, a voxel aspect ratio of 2.5 can be
inferred, indicating a diffraction-limited focus.
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6.2.3 Sample Preparation

For an improved substrate adhesion of 3D printed objects, the glass coverslips are
cleaned and silanized. First, the glass coverslips are cleaned in an 2 vol% aqueous
solution of Hellmanex III (Hellma GmbH & Co. KG) at 55 ◦C for 15 min. Next,
the cleaned substrates are washed three times in de-ionized water and dried in
a stream of nitrogen gas. The surface of the substrates is activated for 20 min in
an air-plasma. Finally, the substrates are vapor-silanized for 2 h in an exsiccator,
which is evacuated to an ambient pressure of 100 mbar. There, the substrates are
placed next to a Petri dish containing a droplet of pure 3-(trimethoxysilyl)propyl
methacrylate (Merck KGaA).

During 3D printing in non-dip-in-mode [72], 25 µL of photoresin are contained in
a 5 mm internal diameter PDMS-ring. This is especially important to avoid low-
viscosity photoresins from flowing off the substrate, and to ensure a comparable
photoresin-film height throughout experiments. Furthermore, the PDMS-ring is
sealed by a second coverslip if the photoresin contains volatile ingredients.

6.2.4 Sample Development

After 3D printing, the remaining liquid photoresin is removed from the sample in
a development process. Therefore, the sample is immersed in acetone for 3 min.
Afterwards, the sample is washed for a few seconds in isopropyl alcohol, before
it is dried in a stream of nitrogen gas. 3D printed photonic crystal samples are
developed for 3 min in a solution of acetone and then transferred for supercritical
drying (see section 2.2). Supercritically drying samples preserves filigree 3D
printed structures, which would collapse in the conventional development process
due to capillary forces.

6.2.5 Microscopy

3D nanoprinted samples are easiest characterized under an optical microscope.
However, brightfield optical microscopes cannot resolve the finest features and
surface quality of 3D nanoprinted structures. Scanning-electron microscopes can
resolve features down to the single-digit nanometer scale. To avoid charging
effects during the analysis, the samples are sputter coated with a 10 nm thick gold
layer (Cressington 108 Auto, TESCAN GmbH). The analysis is performed with a
Zeiss Supra 55VP (Carl Zeiss AG) at a primary-electron voltage of 5 kV. Since the
polymers used for 3D printing are opaque to the electron beam, the interior of a
3D printed volume cannot be inspected in a scanning electron microscope (SEM)
without further ado.
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By using ultramicrotomy, information about the volume of 3D printed structures
can be obtained. The following ultramicrotomy procedure was performed by
Ernest Ronald Curticean, Dr. Irene Wacker, and Prof. Dr. Rasmus Schröder accord-
ing to Ref. [53] on a set of 3D printed photonic woodpiles, which were printed by
the author. In ultramicrotomy, a sample is first incubated for 2 h in a solution of
2 % of osmium tetroxide, a contrasting agent, dissolved in acetone. The acetone
solution is replaced by a 50 % acetone-Epon solution, in which the sample is infil-
trated for 3 h. Epon is an epoxy resin, comprised of 42.6 g glycid ether 100, 29.6 g
dodecenylsuccinic acid anhydride, 18.4 g methyl-5-norbornene-2,3-dicarboxylic
anhydride, and 2.4 g benzyldimethylamine. Finally, the sample is embedded
in pure Epon and polymerized for 2 d at 62 ◦C. The printing substrate, a glass
coverslip, is removed in liquid nitrogen and the cured epoxide-block is trimmed
down to reveal the target structure.

Ultrathin slices with a thickness of 80 nm are cut from the epoxide-block using a
diamond blade (RMC Boeckeler PowerTome PC ultramicrotome) and placed on
silicon wafers. SEM-images of the slices are taken in a field-emission scanning
electron-microscope (Carl Zeiss Microscopy Ultra 55) using a primary-electron
energy of 1.5 keV.

6.3 3D Nanoprinting Results

6.3.1 Point-Exposure Experiments

To check if benzil exhibits the expected two-step absorption characteristics, point-
exposure experiments are performed using photoresin PR3 and a laser wavelength
of 405 nm. Figure 6.7 shows a double-logarithmic plot of the threshold laser
powers P405 for exposure times in the range of 3 · 101–105 µs. The course of the
data points follows the results obtained using the rate-model calculations (see
Figure 5.6). For exposure times texp < 8 · 102 µs, the points lie on a line with a
slope of −1. For longer exposure times, the behavior changes and the measured
values lie on a line of slope −1/2, until they flatten even further for exposure
times texp > 104 µs. The plateau at long exposure times is not reproduced in
the rate-model calculations, but has been observed many times in ordinary two-
photon resists before and is attributed to in-diffusion of oxygen into the exposed
voxel volume [60, 77].

The comparison with Figure 5.6 obtained by the rate-model yields an estimate
of the intermediate-state lifetime τ ≈ 80 µs, which is in good in agreement with
the intermediate-state lifetime of benzil measured in (quencher-free) solution (see
section 6.1).
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Figure 6.7: Double-logarithmic plot of the threshold laser power for point-exposure
experiments using the photoresin PR1 (a) and PR4 (b). a, For short exposure
times texp < 8 · 102 µs, the data points lie on a line with slope −1 (green line),
whereas for longer exposure times 104 µs > texp > 8 · 102 µs, the data points follow
a line with slope −1/2 (red line). Each measurement is repeated at least three
times and the error bars mark the minimum and maximum measured value. b,
Control experiment (single measurement) using photoresin PR4, which contains the
photoinitiator Irgacure 369, for which a one-photon absorption behavior is expected
at 405 nm wavelength. For long exposure times, a slope < 1 is found. Note the
different vertical scale in the two panels. Adapted from Ref. [53] with permission
from Springer Nature.

In control experiments, the point-exposure experiment is repeated under com-
parable conditions but using the photoresin PR4. Photoresin PR4 contains the
one-photon-absorption photoinitiator Irgacure 369, for which a slope of −1 is
expected in the double-logarithmic plot. However, even for the polymerization
threshold of PR4 (see Figure 6.7b), a slope different from −1 is observed. Again,
this apparent nonlinear behavior can be attributed to chemical nonlinearites [60,
77]. Hence, the observed slope of −1/2 alone does not warrant a two-step absorp-
tion behavior.

At this point, one might be tempted to think that chemical nonlinearities suffice
to obtain the desired nonlinearity necessary for 3D nanoprinting. In fact, other
groups have exploited these chemical nonlinearities and successfully printed 3D
microstructures using cw lasers [161–163]. These chemical nonlinearities can be
obtained by in-diffusion of quencher-species into the printing voxel [163]. In the
course of the printing process, these quenchers are irreversibly consumed - not only
locally, but also in the tails of the laser focus and eventually, by molecular diffusion,
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Figure 6.8: Artistic rendering of a line grat-
ing and a woodpile photonic crystal. Ren-
dering of a 2D line grating (left) with line
spacing a. The grating is printed directly
on the glass-photoresin interface. Render-
ing of a face-centered cubic (fcc) woodpile
photonic crystal (right), which consists of
axially stacked, rotated, and shifted layers
of line gratings. Adapted from Ref. [53]
with permission from Springer Nature.

also in a larger volume around the printed object [60, 77, 81]. Thereby, the
maximum scan speed for 3D printing is limited or large quencher concentrations
are necessary which demand for high optical powers. A comparison of these and
other works is provided in section 6.4.

6.3.2 Resolution Benchmarks

As explained in the previous section, the point-exposure experiments are of
limited use to securely differentiate between a two-step absorption process and
a process exploiting chemical nonlinearities. By going from point-exposures to
more intricate structures, a more secured conclusion on the underlying process
can be made. In section 2.6, the 3D printing results for nonlinearity exponents
N = 2 and N = 1 are compared. While it is still possible to print individual
lines by employing a printing process with N = 1, dense line patterns are already
problematic. In 3D structures, the different behavior of processes with N = 2 and
N = 1 becomes even more pronounced (see section 2.6).

As benchmark, line gratings and woodpile photonic crystals are printed. Figure 6.8
shows 3D renderings of a line grating with lattice constant a and a woodpile
photonic crystal. The latter is an established benchmark for the printing resolution
in three dimensions. A face-centered cubic (fcc) woodpile photonic crystal consists
of axially stacked layers with lateral lattice constant a and axial lattice constant
c =

√
2a. Each layer is rotated by 90◦ with respect to the preceding layer and

shifted by a/2 with respect to the previous layer of same grating orientation.

6.3.2.1 Line Gratings

Scanning electron micrographs of actual 3D nanoprinted line gratins are shown
in Figure 6.9. The photoresin PR1 and a piezo-stage scan speed of 100 µm s−1 is
used. Well separated line gratings can be obtained down to a lattice constant of
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Figure 6.9: Electron micrographs of 2D line gratings. The 4 × 4 µm2 large gratings
are printed in photoresin PR1 at a scan speed of 100 µm s−1. Grating periods of below
150 nm are resolved. Adapted from Ref. [53] with permission from Springer Nature.

a = 125 nm. For even lower lattice constants, the lines appear separated. However,
a clear assessment is difficult from the scanning electron micrograph.

Let us compare the two-step absorption printed line gratings with results obtained
in two-photon absorption 3D printing. Systematic results are available for line
gratings printed at twice the wavelength used herein, i.e., 810 nm [22]. In fact,
these results published by Joachim Fischer et al. were obtained at the same
printing setup. The minimal resolved lattice constant in his experiments was
200 nm [22]. However, when using STED as resolution-enhancement technique,
line gratings down to 175 nm could be resolved [22]. Using a pulsed 405 nm
wavelength diode laser, Patrick Müller et al. demonstrated line gratings with a
lattice constant of a = 110 nm [164]. The minimal grating constant is governed
by the laser wavelength, limiting the dimensions of the diffraction limited laser
focus and hence also the resolution as determined by the two-photon (or two-step)
absorption Sparrow’s criterion (see section 2.5). For the nonlinearity of N = 2,
the free-space wavelength λ = 405 nm, and NA = 1.4, the lateral resolution
according to Sparrow’s criterion is ∆y = 102 nm. The well-resolved gratings and
the good agreement of the expected minimal grating constant with the measured
one further indicates a two-step absorption process.

6.3.2.2 Woodpile Photonic Crystals

Printing woodpile photonic crystals is more challenging than printing flat line
gratings. For woodpiles, variations on the order of 1 % of the laser power can
make the difference between a resolved and an overexposed structure [22]. As a
result, all woodpile structures are printed using the piezo-stage rather than the
galvanometer mirrors, resulting in longer printing times. Thus, power variations
across the scan field are avoided. However, the piezo scan-mode limits the
maximum scan velocity to 100 µm s−1.1

1 In principle, faster scan speeds are possible. However, faster scanning requires a longer run-up
distance to ensure a uniform scan speed across the entire area of the printed structure. Also,
scan lag times increase and must be pre-compensated.
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When printing a woodpile photonic crystal at a constant laser power value, the
total dose accumulated at the edge of each woodpile is lower than in the center.
In the worst case, the nonuniform dose distribution can lead to underexposed or
collapsed edges of the 3D structure. Therefore, the laser power is intentionally
increased in a linear ramp towards the edges of each structure. The length of
the power ramp is set to 8 · a. The laser power is increased by 18 % at the edge
for the woodpile with a = 450 nm and 13 % for the woodpile with a = 200 nm.
Both values are found empirically. Intermediate power ramp values are found
by interpolation. In contrast to previous published results on woodpile photonic
crystals [22, 165], the laser power is kept constant in the z-direction and there is no
need to pre-compensate the shrinkage to obtain the proper axial lattice constant.

Furthermore, the optimum laser power depends on the lattice constant a of the
woodpile. By reducing the laser power, the rod heights can be decreased until the
rods are too short to connect adjacent layers. When increasing the laser power
on the other hand, neighboring rods eventually come in contact. To find the
optimum parameters, an exposure-dose test is performed for an array of 24-layer
tall woodpile photonic crystals with lattice constant a in the range of 225–450 nm.
Figure 6.10a shows a true-color reflection-mode optical microscope image of such
an array. The laser power is increased from left to right in 5 % steps and the
lattice constant a is decreased from bottom to top. The observed color is due to
Bragg reflections from the woodpile and serve as an indicator for a good sample
quality [76]. The woodpiles on the left side of the image, i.e., for low laser powers,
are underexposed. For increasing power, the woodpiles become colorful and their
color gradually changes due to an increasing filling fraction [166]. The woodpile
color also changes for lower lattice constants a [167]. For low lattice constants
< 300 nm, the laser power range for which woodpiles of good structural quality
are obtained becomes narrow. Still, it is possible to 3D print colorful woodpiles
with a lattice constant of a = 225 nm.

Figure 6.10b shows a top-view scanning electron micrograph of the woodpile with
a = 300 nm, which is encircled in Figure 6.10a. No signs of strong proximity effects
can be observed and the magnified view shown in the inset reveals well-separated
rods. However, proximity effects would be most prominent in the volume of
a woodpile. Therefore, ultrathin cuts of woodpile samples are analyzed in the
scanning electron microscope. Figure 6.10c shows a micrograph of a cut through
a woodpile with a = 300 nm. The cutting plane is tilted at an angle of 1.7◦ with
respect to the printing yz-plane. The cut reveals four aspects. First and foremost,
no signs of proximity or overexposure can be observed in the volume. The rod
dimensions do not differ at the surface of the woodpile from those measured in
the volume. Second, the measured voxel diameter and height are dvoxel = 110 nm
and hvoxel = 302 nm, respectively. Those values agree well with the FWHM voxel
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Figure 6.10: Microscope images of woodpile photonic crystals. a, True-color
reflection-mode optical microscope image (observed with NA = 0.4) of an array of
woodpile photonic crystals. The 3D nanoprinting laser power is increased in 5 %
steps from left to right and the lattice constant decreases from bottom to top. b,
Scanning electron micrograph of the woodpile photonic crystal highlighted in panel
a with lattice constant a = 300 nm. The inset shows the same woodpile structure at a
higher magnification level. c, Scanning electron micrograph of an ultrathin section of
a woodpile with a = 300 nm along the axial direction. The cutting plane is rotated
by 1.7◦ with respect to the yz-plane of the 3D printing coordinate system. Adapted
from Ref. [53] with permission from Springer Nature.

dimensions obtained from the squared laser focus intensity measurements (see
subsubsection 6.2.2.1). In fact, the aspect ratio of hvoxel/dvoxel = 2.36 inferred
from the micrograph is even slightly lower than the aspect ratio obtained by the
measurement of the gold-bead backscattered intensity signal. Third, a filling
fraction of 55 % is obtained by digitizing the scanning electron micrograph with a
threshold value obtained through Otsu’s method [168]. Fourth, the measured axial
lattice constant cmeasured = 428 nm deviates only by 1 % from the target axial lattice
constant c =

√
2a = 424 nm – without any applied shrinkage pre-compensation.

Finally, it is interesting to compare the results obtained for two-step-absorption
3D laser nanoprinting with literature results on two-photon absorption 3D laser
nanoprinting. In general, woodpile photonic crystals are excellent benchmark
structures since they were printed numerous times [22, 164, 167, 169–173]. Us-
ing a femtosecond laser at 810 nm wavelength, Joachim Fischer et al. [22] were
able to print colorful woodpile photonic crystals down to lattice constants of
375 nm. Again, these results were achieved using the same objective lens as the
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results presented herein. Using STED-inspired 3D laser nanoprinting, colorful
woodpiles were printed at a yet smaller lattice constant of a = 275 nm [22]. Us-
ing a nanosecond-pulsed 405 nm diode laser, Patrick Müller et al. were able to
print resolved woodpiles with a lattice constant of 250 nm in a photoinitiator-free
photoresin. In a similar fashion, Andreas Wickberg et al. used a frequency-
doubled femtosecond laser to print woodpiles 405 nm wavelength [127]. There,
the smallest lateral rod distance printed is a = 675 nm and an axial rod distance
of c ≈ 540 nm [165]. However, that work did not target for the minimal achievable
lattice constant. In comparison, the woodpile photonic crystals presented herein
have smaller lattice constants than the woodpiles presented in the above listed
literature. However, according to Sparrow’s criterion (see section 2.5), the minimal
resolvable axial lattice constant is cmin = ∆z = 256 nm, corresponding to a mini-
mal lateral lattice constant of amin = 181 nm. Currently, it is unclear whether it
is possible to resolve such high-resolution woodpile structures under the used
focusing conditions and with photoresin PR1.
In conclusion, the successfully 3D printed woodpile structures further confirm the
two-step absorption behavior of PR1. Furthermore, the achieved woodpile lattice
constants are on the edge of the current state-of-the-art in photopolymerization
3D printing.

6.3.3 3D-Printed Microstructures

To showcase the versatility of two-step-absorption 3D laser nanoprinting, a set
of 3D microstructures is printed. Scanning electron micrographs are shown in
Figure 6.11, the used printing parameters, i.e., hatching, slicing, laser power, scan
speed, photoresin, and used development procedure are listed in Table 6.1. Panel a
shows four helices with an axial pitch of 800 nm and a radius of 800 nm. The three
Buckyballs shown in panel b are 15 µm, 10 µm, and 5 µm in diameter. The printed
structure is of high fidelity; on close inspection, even the discretization artifacts
from the slicing and hatching procedure can be seen. This is also the case for the
stack of dip-in printed five chiral metamaterial unit cells [120] shown in panel c.
The 16 µm lattice constant is five times smaller than the lattice constant used in the
multi-focus experiments presented in chapter 4, yet there are no signs of proximity
effects. Even in two-photon absorption experiments it is challenging to ensure that
the vertical rings within the side-walls and the horizontally lying rings at the unit
cell bottom and top face remain separated. No such difficulties could be observed
for two-step-absorption 3D laser nanoprinting. Panel d shows an upright-standing
model of the KIT logo. Finally, panel e shows a 16 × 12 × 8 µm3 large #3DBenchy2

boat, which is more challenging to print. The large filling fraction of the boat’s hull

2 3DBenchy.com
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Figure 6.11: 3D nano- and microstructures printed by two-step-absorption 3D laser
nanoprinting. a, Helices with an axial pitch of 800 nm and a radius of 800 nm. b,
Buckyball models with diameters of 15 µm, 10 µm, and 5 µm. c, Five stacked unit
cells of the chiral metamaterial proposed in Ref. [120]. The lattice constant is 16 µm.
d, A 3D model of the KIT logo. e, Miniaturized #3DBenchy boat-structure. Adapted
from Ref. [53] with permission from Springer Nature.

leads to noticeably dose accumulation in subsequent layers. Therefore, the boat
is printed using the less viscous photoresin PR3 in which the quencher diffusion
rate is increased. Again, slicing and hatching artifacts are well reproduced in the
3D nanoprinted structure. The 3D microstructures are printed with scan speeds
of 0.5–4.0 mm s−1, corresponding to a printing rate of 2400–19 400 voxels s−1.

6.4 Discussion and Conclusion

The results obtained for two-step-absorption 3D laser nanoprinting are compared
to published results of (quasi-)cw laser 3D laser nanoprinting in the double loga-
rithmic diagram in Figure 6.12. On the horizontal axis, the maximum scan speed
is plotted, the vertical axis shows the used laser power. A good 3D nanoprinting
approach would be located at the bottom right, whereas slow and power-intensive
methods are at the top left. The data points for two-step-absorption 3D laser
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Table 6.1: Printing parameters used for the printing of the line gratings, woodpile
photonic crystals, and 3D microstructures. The column “Power” denotes the used
laser power, measured at the entrance pupil of the objective lens. SCD: supercritical
drying.

Fig. Hatching Slicing Power Scan Speed Resist Dip-In SCD

6.9 variable - 66 µW 0.1 mm s−1 PR1 no no
6.10c (300 nm) (106 nm) ∼ 45 µW 0.1 mm s−1 PR1 no yes
6.11a - - 500 µW 0.5 mm s−1 PR1 no no
6.11b 30 nm 100 nm 320 µW 1.0 mm s−1 PR1 no no
6.11c 50 nm 100 nm 270 µW 3.0 mm s−1 PR2 yes no
6.11d 30 nm 100 nm 320 µW 4.0 mm s−1 PR1 no no
6.11e 50 nm 100 nm 400 µW 1.0 mm s−1 PR3 no no

nanoprinting [53] are highlighted by an ellipse, showing that the achieved scan
speeds are faster by up to three decades, but also lower peak laser powers by more
than three decades, when compared to the other published results.

In summary, two-step-absorption 3D laser nanoprinting is an attractive alternative
to multi-photon absorption 3D laser nanoprinting. Still, there are two restrictions
for the general applicability of two-step-absorption 3D laser nanoprinting.
First, bulky structures with high-filling fraction are difficult to print, which is
probably caused by the irreversible consumption of quencher molecules in the
printing surrounding. Detailed analytical insights into the underlying photochem-
ical processes can help in finding improved photoresin formulations.
Second, the maximum scan speed is limited by the photoinitiator’s intermediate-
state lifetime. At the expense of higher threshold laser powers, the benzil triplet-
state lifetime can be decreased further. A shorter intermediate-state lifetime can
be achieved by increasing the quencher concentration or employing smaller, faster
diffusing quencher molecules like TEMPO. In addition, molecules that are not
consumed in a radical scavenging process but act only as triplet quencher can
be added to the photoresin mixtures. One candidate for such a triplet quencher
is 1,4-diazabicyclo[2.2.2]octane (DABCO). Alternatively, photoinitiator molecules
with intrinsically short intermediate-state lifetimes can be employed. As outlined
in subsection 5.4.1, the singlet state of organic molecules typically decays within
nanoseconds and hence qualifies as short-lived intermediate state.

Two-step absorption opens the gate for massive parallelization in 3D nanoprin-
ting. The laser diode used for two-step-absorption 3D nanoprinting has a max-
imum optical output power of 150 mW. Neglecting transmission losses, this
output power is in theory sufficient for more than 400 foci scanned at a speed of
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Figure 6.12: Comparison of pub-
lished results on cw laser 3D
nanoprinting. The double loga-
rithmic chart compares the used
scan speeds (horizontal axis) and
laser powers (vertical axis) of pub-
lished results on (quasi-)cw laser
3D nanoprinting. The results
obtained using two-step absorp-
tion [53] are highlighted by an el-
lipse. The numbers in brackets
are literature references. Adapted
from Ref. [53] with permission
from Springer Nature.
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4 mm s−1 (compare Table 6.1), resulting in a considerable total peak printing rate
of 19 400 voxels s−1 · 400 = 7.8 · 106 voxels s−1. Moreover, by employing powerful
vertical-cavity surface-emitting laser (VCSEL) arrays [175] the number of laser foci
can be increased yet further.

Furthermore, no micro-explosions are observed in the described experiments.
When increasing the laser power, the size of the resulting voxel increases ac-
cordingly, offering a large dynamic range for 3D printing. Dynamically tuned
voxel sizes have been recently employed in two-photon grayscale lithography to
rapidly print microoptical elements with smooth surfaces and little staircasing
artifacts [130]. There, the voxel size is increased in areas of high filling fraction,
which can also be considered a form of parallelization. However, for two-photon
absorption, the dynamic range of the voxel size is limited by the onset of micro-
explosions.

The spatial resolution obtained by two-step-absorption 3D nanoprinting already
surpasses the results obtained by conventional two-photon absorption 3D nano-
printing. Yet, there is room for conceptual improvement. The achieved resolution
in two-photon absorption is enhanced by superimposing the 3D printing focus
with a second, donut- or bottle-beam shaped laser focus, which depletes the
pre-excited photoinitiator population tightly around the printing focus [22]. Such
a STED-inspired 3D printing scheme is also conceivable for two-step-absorption
3D nanoprinting. Therefore, photoinitiator molecules need to be found for which
an optically induced back-reaction to the ground state is possible. For example,
an initiator that possesses a large fluorescence quantum yield could be depleted
via STED [176]. Alternatively, a photoinitiator could be deactivated via an inert
excited triplet-state by reverse-intersystem crossing and rapid relaxation to the
ground state.
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6 .4 discussion and conclusion

Figure 6.13: Photograph of the
packaged laser diode used for two-
step-absorption 3D nanoprinting.
The yet smaller actual laser diode
is mounted in the 3.8 mm diame-
ter transistor outline (TO) housing.
The compact form factor enables
miniaturized 3D laser nano printers.
Adapted from Ref. [53] with permis-
sion from Springer Nature.

One major advantage coming along with two-step-absorption 3D laser nanoprin-
ting is the compact form factor of the employed laser diode, a photograph of which
is shown in Figure 6.13. The housing of the actual diode has about the size of a
needle pin and the diode consumes 500 mW of electrical power, which is a fraction
of the power that a smartphone display consumes [177]. The compact size and the
low driving power of laser diodes open the gate for drastic miniaturization in 3D
nanoprinting. Replacing the suitcase-sized laser system in two-photon absorption
nanoprinters by a compact laser diode allows for a portable 3D nanoprinting
system which could be powered by a battery.
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Chapter 7

Two-Color

Two-Step-Absorption

Photoinitiation

Excited biacetyl molecules.

In this chapter, the idea of light-sheet 3D printing is presented and suitable photoresins
therefore are characterized.
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7 two-color two-step-absorption photoinitiation

Figure 7.1: Rendering of light-sheet 3D printing. Adapted from Ref. [12] with
permission from Springer Nature.

7.1 Two-Color Two-Step Absorption for Light-Sheet 3D
Printing

In the previous chapter 6, we have learned that the low polymerization threshold
powers in one-color two-step-absorption 3D nanoprinting opens new avenues
for parallelization in 3D printing. These low laser powers invite to the idea, that
instead of scanning a single laser-focus, one could simply use a projector to project
entire layers of a 3D object at once into the liquid photoresin. However, this
approach has one issue. Consider the case of an extended plane that should
be printed. When projecting the image of this plane into the photoresin, the
laser intensity below and above the focal plane is effectively constant over a large
distance. However, with slightly modified conditions on the two-step-absorption
photoinitiator, one can instead use two-color two-step absorption photoresins and
print 3D objects in a layer-by-layer fashion by light-sheet 3D printing.

An artistic illustration of light-sheet 3D printing is shown in Figure 7.1. In light-
sheet 3D printing, a 3D object is sliced into layers, which are then projected with
light of a first wavelength λ1 (here blue) and focused into a photoresin vat. In
the rendering, the sliced layer is exemplified by the KIT logo. A second laser
beam of another wavelength λ2 (here red) propagates orthogonally to the blue
laser beam. The red laser beam is focused along only one axis by a cylindrical
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7 .1 two-color two-step absorption for light-sheet 3d printing

R•λ2

λ1

Figure 7.2: Schematic of two-color two-step
absorption. By sequential absorption of two
photons a photoinitiator molecule is stepwise
excited to an upper electronic state, from
where the molecule decays into free radicals
R•. Importantly, the two photons must be of
different wavelengths.

lens into the shape of a light-sheet, which intersects the focal plane of the blue
laser beam. Importantly, the liquid photoresin is a two-color two-step-absorption
photoresin, which polymerizes only in those areas which are exposed to light of
both wavelengths, λ1 and λ2, simultaneously. In regions below and above the focal
plane, no polymerization occurs, i.e., only negligible optical dose is accumulated.

The idea of the two-color two-step-absorption process is illustrated in Figure 7.2.
A photoinitiator molecule in its ground state absorbs light of wavelength λ1 to get
excited to an idle, intermediate state. From the intermediate state, the pre-excited
initiator can decay back to the ground state. In contrast to one-color two-step
absorption however, the pre-excited photoinitiator does not absorb photons of
wavelength λ1. However, it readily absorbs light at a second wavelength λ2 to get
excited to a state of sufficient energy to trigger a polymerization reaction.

In chapter 5, several conditions for a “good” (one-color) two-step-absorption
photoinitiator were proposed. While most of the proposed conditions apply also
to the case of a good two-color two-step-absorption photoinitiator, the first two
conditions need to be adjusted.

The first condition for a good two-step-absorption photoinitiator says that from
the pre-excited state, the photoinitiator must decay back to the ground state in due
time. This condition also holds for two-color two-step absorption. Again, “due
time” can be specified more precisely for the target application. For one-color
two-step absorption, the intermediate-state lifetime sets a lower bound on the
voxel exposure time, for which the accumulated dose scales nonlinearly with the
photoinitiator concentration. Similarly, for two-color two-step absorption, the
intermediate-state lifetime limits the minimal layer exposure time. To illustrate
this limit, consider the exposure of an extended plane. The blue-laser beam of
wavelength λ1 promotes photoinitiator molecules along the entire optical track
into the intermediate state. For the case of an infinitely long intermediate-state
lifetime, all molecules remain in the intermediate state, even after progressing
with the exposure to the next layer. Now, the light-sheet beam alone suffices to
polymerize the liquid photoresin by an effective one-photon absorption. Hence,
the intermediate-state lifetime ultimately limits the achievable printing rate or the
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7 two-color two-step-absorption photoinitiation

Figure 7.3: Molecular structure of bi-
acetyl. a, Skeletal structure of biace-
tyl. b, Ball-and-stick (H-atoms omitted)
model of biacetyl in its ground state,
according to Ref. [179]. The cis-planar
geometry is outlined by a plane.

a b

printing resolution.
Technically, the exposure rate is also limited by maximum frame rate of projector
systems, which are on the order of 1 kHz for modern liquid crystal on silicone
(LCOS) displays [178]. Therefore, from a practical viewpoint, the intermediate-
state lifetime should also be on the order of 1 kHz−1 = 1 ms. As before in the case
of one-color two-step absorption, this lifetime falls into the regime of triplet-state
lifetimes of organic molecules [136].

The second condition states that a two-step-absorption photoinitiator must absorb,
ideally visible, light in its ground state, but also in the intermediate state. For
one-color two-step absorption, the absorption spectra of both states must overlap.
Conversely, in the special case of two-color two-step absorption, the spectra must
not overlap. Photoinitiators obeying the former condition of overlapping spectra
are useful in one-color two-step-absorption 3D printing. Photoinitiators which
obey the latter condition of nonoverlapping spectra can be employed in light-sheet
3D printing.

7.2 Biacetyl as Two-Color Two-Step-Absorption Initiator

One photoinitiator candidate that fulfills the modified set of conditions for a
good two-color two-step-absorption photoinitiator is biacetyl, which was already
singled-out in section 5.5 for its low triplet-state energy.

7.2.1 Molecular Structure and Electronic States

Figure 7.3a shows the chemical structure of biacetyl, also known as diacetyl or
butane-2,3-dione, which is the simplest diketone molecule. At room temperature,
biacetyl is a pale-yellow colored liquid [180]. The molecule is not a common
photoinitiator but is a well-known flavoring agent, due to its buttery odor [180].
In it’s ground-state, biacetyl takes a cis-planar conformation (Figure 7.3b), which
sets it apart from the skewed ground-state conformation of benzil.

Starting in the 1940s, research interest in biacetyl emerged due to biacetyl’s room-
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Figure 7.4: Jablonski-diagram of biacetyl. Molecules are optically excited by blue
or ultraviolet light from the singlet ground-state S0 to the upper singlet manifold,
where they rapidly relax to the lowest excited singlet-state S1. From S1, molecules
undergo intersystem crossing to the triplet manifold with nearly unity quantum
yield. From the lowest triplet-state T1, molecules can either decay to singlet ground-
state S0 by triplet-triplet annihilation, reverse intersystem-crossing, quenching, or
by emitting phosphorescence. Alternatively, molecules in the T1-state can be further
optically excited by red or ultraviolet light to a higher triplet-state Tn [190], providing
sufficient energy for bond-dissociation R•. Depending on the solvent, a bimolecular
hydrogen-abstraction reaction is possible from the lowest triplet-state [155]. Adapted
from Ref. [12] with permission from Springer Nature.

temperature observable phosphoresence [181]. Since then, the photochemistry of
biacetyl has been reviewed several times [182–184]. Figure 7.4 shows a Jablonski
diagram for biacetyl. From its ground-state, biacetyl is excited optically to the
excited singlet-manifold by absorption of a blue- or ultraviolet photon. From there,
biacetyl undergoes intersystem crossing to the triplet-manifold with nearly unity
quantum yield [185]. The lowest triplet-state has an energy of 2.4 eV [185–187] and
in solution, the triplet-state lifetime is 200 µs [188]. The latter can be measured
conveniently via the emitted phosphorescence, which is spectrally located around
550 nm wavelength and has a phosphorescence quantum yield of approximately
15 % in the vapor and a few percent in the liquid phase [188, 189].

Biacetyl’s triplet-state energy is well below it’s lowest bond cleavage energy of
3.2 eV [191, 192]. Hence, a Norrish type I reaction does not occur from the en-
ergetically lowest triplet state. However, similar to benzil and other diketones,
biacetyl in its triplet state is able to abstract hydrogen atoms from nearby suscepti-
ble groups [155]. This hydrogen-abstraction reaction can lead to radicals being
generated from the lowest triplet-state. The hydrogen-abstraction reaction is not
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7 two-color two-step-absorption photoinitiation

Figure 7.5: Extinction spectra of bi-
acetyl. Ground-state (blue) and
excited-state (red) molar decadic ex-
tinction coefficient of biacetyl in ace-
tonitrile and benzene, respectively.
The absolute value of the triplet-
state molar decadic extinction coef-
ficient ϵ2 is estimated from Refs. [190,
193]. The red arrows indicate
the wavelengths λ1 = 440 nm and
λ2 = 660 nm used in the light-sheet
3D printing experiments. Adapted
from Ref. [12] with permission from
Springer Nature.
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desired since it follows an ordinary one-photon absorption process and adds to the
accumulated dose also in locations exposed to the light of only one wavelength.
Hence, to suppress these side-reactions, the quencher and radical-scavenging
molecule TEMPO is employed (see subsection 6.1.4).

7.2.2 Ground-State and Transient Absorption-Spectra

To overcome the bond-cleavage activation-energy barrier in the triplet manifold,
biacetyl can be optically excited from the lowest triplet-state to an excited triplet-
state. Figure 7.5 shows the ground-state and triplet-state molar decadic extinction
spectra of biacetyl in acetonitrile and benzene, respectively. The absorbance
data for the triplet-state spectrum is taken from Ref. [190], which is scaled to
yield an absolute extinction coefficient by the data provided in Ref. [193]. In
the ground state, biacetyl absorbs light in the visible region at a wavelength of
415 nm with a peak extinction coefficient of ϵ1 (415 nm) = 23 m

−1 cm−1, which
is characteristic for an n-π*-transition [136]. At wavelengths longer than 460 nm,
biacetyl is transparent. In the triplet-state, on the other hand, biacetyl does not
show a strong absorbance in the wavelength interval from 400–550 nm. For longer
wavelengths however, a series of strong absorption peaks with estimated peak
extinction coefficients of ϵ2 > 1000 m

−1 cm−1 are observed.

7.3 Methods

The substrate preparation and sample development procedure described for one-
color two-step-absorption 3D nanoprinting in section 6.2 are the same as for the
biacetyl characterization experiments.
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7 .4 point-scanning experiments on biacetyl as photoinitiator

7.3.1 Focus-Scanning 3D Printing Setup

The focus-scanning 3D nanoprinting setup used to characterize biacetyl pho-
toresins is depicted in Figure 6.5 and described in detail in subsection 6.2.2.
For the experiments in which the red laser beam wavelength is varied (see sub-
section 7.4.4), the 640 nm laser wavelength beam is replaced by laser diodes of
different wavelengths (Thorlabs HL6545MG, Thorlabs HL6750MG).

7.3.2 Photoresin Compositions

In the following, photoresin composition used for the two-color two-step ab-
sorption 3D printing experiments are listed. For simplicity, the photoresins are
labeled as “PRA”–“PRC”. Biacetyl, TEMPO, PETA, and pentaerythritol tetraacry-
late (PETTA) are purchased from Sigma-Aldrich (now Merck KGaA). TMPTA is
purchased from Alfa-Aesar (now Thermo Fisher (Kandel) GmbH). Dipentaery-
thritol hexaacrylate (DPEHA) is purchased from abcr GmbH. All photoresins
are mixed and used in yellow-light conditions. For each of the below listed
photoresins, several variants will be discussed in the experiments further below.

pra 1.8 mg TEMPO are dissolved in 1 mL of TMPTA. To dissolve TEMPO in
the monomer, the mixture is stirred on a hot plate at 45 ◦C for 4 h. Then,
10 µL biacetyl is added to the mixture, which is stirred for another hour
at room temperature. This photoresin composition corresponds to a final
concentration of 1.1 wt% (110 mm) biacetyl and 0.2 wt% (11 mm) TEMPO.

prb Same as PRA, but using PETA as monomer instead of TMPTA.

prc DPEHA is heated to 50 ◦C until completely molten and all crystallites are
dissolved. Then, 1.8 mg TEMPO are dissolved in 1 mL of DPEHA. To dissolve
TEMPO in the monomer, the mixture is stirred on a hot plate at 45 ◦C for 4 h.
Then, 10 µL biacetyl is added to the mixture, which is stirred for another hour
at 45 ◦ ◦C. This photoresin composition corresponds to a final concentration
of 1.1 wt% (110 mm) biacetyl and 0.2 wt% (11 mm) TEMPO.

7.4 Point-Scanning Experiments on Biacetyl as Photoini-
tiator

To characterize the photoresin threshold behavior, the two-color point-scanning
polymerization-threshold is measured for the photoresins PRA-PRC and further
variants thereof. In these measurements, two laser beams are co-focused by a
NA = 1.4 objective lens into the liquid photoresin. While printing dashed line
patterns, the laser powers of the two superposed foci are independently varied.
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7 two-color two-step-absorption photoinitiation

After developing the sample, for each red laser-focus intensity I2 the minimal blue
laser-focus intensity I1, for which a polymerized dash in the darkfield microscope
image is visible, is recorded. By default, a scan speed of vscan = 100 µm s−1, a blue
laser-wavelength λ1 = 440 nm, and a red laser-wavelength λ2 = 640 nm are used.

7.4.1 Exposure Time

In order to see if PRA shows the expected two-color two-step-absorption behavior,
the two-color polymerization threshold intensity is measured for the reference
scan speed vscan = 100 µm s−1. Using the measured (blue) laser focus diameter
of dFWHM,1 = 187 nm (not shown), this scan speed corresponds to an effective
exposure time of texp = dFWHM,1 · v−1

scan ≈ 2 ms.

The thick line in Figure 7.6 shows the two-color polymerization-threshold diagram
for the reference scan speed vscan = 100 µm s−1. In the double-logarithmic dia-
gram, the blue laser-intensity I1 is plotted on the vertical logarithmic axis versus
the red laser-intensity on the horizontal axis. The intensities I1 and I2 are derived
from the measured laser powers P1 and P2, which are plotted on the right and
top axis, and the measured focus FWHM-diameters (dFWHM,1 = 187.5 nm and
dFWHM,2 = 282.5 nm for the blue and red beam, respectively). The individual data
points are connected by lines.

At a reference scan speed of vscan = 100 µm s−1 and low red laser-intensities
I2, the curve starts at I1(I2 = 0 mW µm−2) = 31 mW µm−2 (or, equivalently, a
blue laser power P1 = 1 mW). For increasing red laser-intensities I2, the blue
threshold power I2 decreases in a sigmoid fashion and starts to plateau at an
intensity I1(I2 = 30 mW µm−2) = 0.16 mW µm−2 (P2 = 4.6 µW). The ratio of the
two extremal blue laser-intensities defines the threshold contrast

γ =
31 mW µm−2

0.16 mW µm−2 ≈ 200. (7.1)

For an ideal two-color two-step-absorption photoresin, γ approaches infinity.

The sigmoid curve shape and the large threshold contrast γ confirm the synergistic
effect of the two laser beams and thereby the two-color two-step-absorption
polymerization behavior for the photoinitiator biacetyl. Notably, when exposing
the photoresin only with red light, no polymerization is observed within the
probed range, even for long voxel exposure times, as expected for an ideal two-
color two-step-absorption photoinitiator. There is, however, a polymerization
reaction also triggered when the photoresin is irradiated only with blue light.
To better understand the dynamics of the single-color triggered polymerization,
the two-color polymerization-threshold experiment is repeated for scan speeds
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Figure 7.6: Two-color polymerization threshold of photoresin PRA at different
scan speeds vscan and hence different voxel exposure times. The curve for vscan =
100 µm s−1 is highlighted by a thicker line. The blue laser threshold-intensity I1
decreases in a sigmoid fashion with increasing red laser-intensity I2. The diagonal
lines have a slope of −1 and are a guide for the eye.

in the range of 1–300 µm s−1, which are plotted in Figure 7.6 using thin lines.
The sigmoid curve shape can also be observed for these scan speeds. However,
with decreasing scan speed, the curves shift downwards, i.e., to lower I1, and
leftwards, i.e., to lower I2. Thereby, the sigmoid curve-shape becomes flatter and
the threshold contrast decreases to γthreshold ≈ 6 for vscan = 1 µm s−1. For yet
faster scanning than vscan = 100 µm s−1, the blue threshold-intensity (and hence
the blue threshold power) at low red laser-intensities is above the experimentally
maximum accessible laser power of P1,max = 1.6 mW.

7.4.2 Acrylic Monomer

Aiming for a deeper understanding of the photoresin behavior, the two-color poly-
merization-threshold experiments are performed for a fixed scan speed of vscan =
100 µm s−1 and for photoresins with different monomers, namely TMPTA (PRA),
PETA (PRB), PETTA, and DPEHA (PRC). These monomers differ in their viscosity,
which is ηtmpta ≈ 0.1 Pa s at T = 20 ◦C [194], ηpeta ≈ 1.1 Pa s at T = 20 ◦C [194],
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Figure 7.7: Two-color polymerization threshold of photoresins containing different
acrylic monomers. All experiments are performed using a scan speed vscan =
100 µm s−1. The blue threshold-intensity I1 decreases with increasing monomer
viscosity. Note that the monomers have different degrees of functionality. TMPTA
and PETA have three, PETTA has four, and DPEHA has six acrylate groups per
monomer molecule. Adapted from Ref. [12] with permission from Springer Nature.

and ηdpeha ≈ 6.2 Pa s at T = 25 ◦C (vendor specification). No room-temperature
viscosity data was found for PETTA 1. Additionally, the monomers differ in the
number of acrylate-groups per monomer. TMPTA and PETA are triacrylates,
PETTA is a tetraacrylate, and DPEHA is a hexaacrylate.

Figure 7.7 shows the two-color polymerization-threshold diagram for the four
photoresin formulations. Generally, the blue polymerization threshold-intensity I1
decreases for the more viscous photoresins PRB and PRC, and, similar to the case
for low scan speeds, also shifts towards lower red laser intensities I2. Furthermore,
the polymerization threshold-contrast γthreshold also decreases. For PRC with the
monomer DPEHA, the contrast is γthreshold ≈ 20.

The observed effect of a decreasing polymerization threshold in more viscous

1 At T = 38 ◦C, the viscosity is specified to be ηpetta = 0.34 Pa s. At room temperature, the
viscosity of PETTA is expected to lie between the viscosity of PETA and DPEHA.
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Figure 7.8: Two-color polymerization-
threshold experiments for different
TEMPO concentrations. All measure-
ments are performed at a scan speed
vscan = 100 µm s−1. Due to strong prox-
imity effects in the point-exposure ex-
periments for the TEMPO-free photo-
resin, some data points could not be mea-
sured accurately and are hence excluded
from the plot. The threshold contrast
increases with increased TEMPO concen-
tration. Likewise, the blue threshold-
intensity increases.

photoresins was already observed in multi-photon-absorption photoresins, where
it was attributed to the decreased diffusion rate of quencher and scavenger
molecules [61]. In the experiments on two-photon-absorption photoresins, the
main quencher and radical scavenger present was molecular oxygen. Here, the
photoresins PRA, PRB, and PRC contain TEMPO as additional quencher and
radical scavenger molecule.

7.4.3 Quencher Concentration

So far, the role of the quencher and radical scavenger molecule TEMPO in the
photoresin is not clear. Therefore, two variations of photoresin PRA which
contain either no TEMPO, or half the TEMPO-concentration of PRA are prepared.
These photoresins are then characterized in two-color polymerization-threshold
experiments, the results of which are shown in Figure 7.8. As a reference, the
results for the pristine photoresin PRA are also plotted.

As expected, the polymerization threshold decreases for lower TEMPO concentra-
tions. Interestingly, however, the threshold contrast also decreases. When printing
without any quencher at all, the threshold contrast is γthreshold ≈ 6. However,
the measurements on the TEMPO-free photoresin at low red laser-intensities are
subject to considerable proximity effect and hence it is difficult to accurately
measure the threshold laser power. For the photoresin with the intermediate
quencher concentration (5.5 mm), a threshold contrast of γthreshold ≈ 166 is found
in the two-color polymerization-threshold experiment.

This measurement shows that TEMPO is an essential ingredient in the two-color
two-step-absorption photoresins, increasing the threshold contrast by more than
30-fold. Or, in other words, with increasing quencher concentration, the blue-
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7 two-color two-step-absorption photoinitiation

Figure 7.9: The two-color polymerization
threshold of photoresin PRA and for a
variable red laser-beam wavelength λ2.
Left panel: Stacked chart of two-color
polymerization-threshold diagrams. To each
set of data points, a logistic function is fit-
ted and the midpoint is highlighted by a
large dot. The curves are vertically stacked
with their midpoints spaced according to the
wavelength λ2. The black curve connecting
the midpoints shows the same characteris-
tic spectral features as the triplet-triplet ab-
sorption spectrum (right panel) [190, 193].
Adapted from Ref. [12] with permission from
Springer Nature.
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color threshold I1(I2 = 0 mW µm−2) increases more rapidly than the two-color
threshold I1(I2 = 30 mW µm−2).

Naively, one might be tempted to increase the threshold contrast even further by
increasing the TEMPO-concentration. Unfortunately, the available laser power
at 440 nm is limited and does not allow the measurement of the blue-light only
exposure threshold. In similar experiments using a more powerful 405 nm laser
(not shown), the threshold contrast does not increase further in the probed range,
but rather decreases slightly. Whereas the blue-only threshold changed only little
with an increased quencher concentration, the threshold for high red-laser powers
increased. At the moment, the reason for this optimal quencher concentration are
unclear.

7.4.4 Wavelength

The synergistic behavior of simultaneous red- and blue-light exposure of the
photoresin suggests a two-step absorption mechanism. To further prove the two-
step character, the red laser beam wavelength λ2 is tuned within the absorption
band of biacetyl’s triplet state (Figure 7.5). A stacked plot of the two-color
polymerization-threshold curves is shown in the left panel of Figure 7.9. A logistic
function is fitted to each curve, and the midpoint red laser beam intensities are
highlighted by large dots. The midpoints are used to space the measurements
according to the secondary wavelength λ2. The black line connecting the midpoints
is a polymerization action spectrum [195].

For comparison, the triplet-triplet absorption spectrum of biacetyl [190, 193] is
plotted next to the spectral polymerization-threshold curve in the right panel of
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Figure 7.10: The two-color polymeriza-
tion threshold of photoresin PRA for dif-
ferent primary wavelengths λ1. For low
red laser beam intensities I1, the threshold
intensity is lower for the beam with wave-
length 405 nm. For high red laser beam in-
tensities, the situation is reversed, and the
threshold intensity is lower for the beam
with wavelength 440 nm. Adapted from
Ref. [12] with permission from Springer
Nature.

Figure 7.9. The local maxima and local minima observed in the triplet-triplet
absorption spectrum are well reproduced in the action spectrum, further con-
firming the two-step absorption character. Interestingly, the relative heights of
the extinction maxima do not agree with the relative heights of the peaks in the
action spectrum, which has been observed also for other photoinitiators [195]. In
the action spectrum, peaks at smaller secondary wavelengths λ2 are larger than
expected. This trend towards lower polymerization threshold intensities can be
attributed to the decreased overlap of the red and blue laser foci towards longer
red laser-laser beam wavelengths, which cause a larger diffraction-limited focus
FWHM-diameter.

Furthermore, the two-color polymerization-threshold experiment in photoresin
PRA are repeated with an alternative blue laser beam wavelength of λ1 = 405 nm.
The threshold diagram is shown in Figure 7.10. As reference, the experiment at
the wavelength λ1 = 440 nm is also depicted. Both experiments were done with a
red laser beam wavelength of 640 nm and at a scan speed vscan = 100 µm s−1. The
intensities plotted in the diagram are calculated from the respective laser-focus
FWHM-diameter measurements. The double-logarithmic diagram shows also
for λ1 = 405 nm a sigmoid polymerization-threshold curve. Towards low red
laser beam intensities I2, the threshold intensity I1 is slightly below the threshold
intensity measured for the wavelength λ2 = 440 nm. For increased red laser
beam intensities I2, the blue laser beam threshold-intensity I1 for the wavelength
λ1 = 405 nm is larger than the threshold-intensity at λ1 = 440 nm. The two-color
threshold-contrast is γ405 = 41 (which compares to γ440 ≈ 200 at λ1 = 440 nm
wavelength).

From the linear absorption spectrum of biacetyl in acetonitrile (see Figure 7.5),
a lower polymerization threshold is expected since the extinction coefficient at
the wavelength λ1 = 405 nm is larger than at λ2 = 440 nm. This is in accordance
with the observation at low red laser powers I2. This interpretation does not
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7 two-color two-step-absorption photoinitiation

hold for large I2, where the threshold intensity for 405 nm wavelength is higher
than for 440 nm. Since the triplet-triplet-spectrum is low at both wavelengths,
excited-state absorption is not probable for light of either wavelength. However,
owed to the smaller wavelength, the diffraction-limited FWHM focus diameter
for the 405 nm wavelength laser beam is smaller than for the 440 nm wavelength
laser beam. Thereby, the photoresin volume in which photoinitiator molecules are
excited and hence quencher molecules become depleted, decreases. Furthermore,
also the spatial overlap of the red laser beam and the blue laser beam decreases
for a smaller focus diameter, or in other words, a larger fraction of the red laser
beam is “unused”.

7.4.5 Pulse-Train

As discussed in section 7.1, in 3D light-sheet printing, the photoinitiator inter-
mediate-state lifetime limits the maximum printing rate and the resolution. While
lifetime data in organic solvents are available [155, 188], the lifetime in the final
photoresin mixture may well be different from that. Quencher molecules like
oxygen and TEMPO affect the triplet-state lifetime and the bimolecular quenching
rate constant depends on the monomer viscosity. Therefore, it is interesting to
measure biacetyl’s triplet lifetime.

Pump-probe phosphorescence-lifetime experiments in which biacetyl is excited
by a short, intense laser pulse are not suitable to obtain a realistic estimate for
the triplet-state lifetime in the photoresin. In such experiments, a large fraction
of photoinitiator molecules is excited, leading locally to a high concentration
of triplet-state biacetyl molecules. Thereby, the probability for a triplet-triplet
annihilation reaction (see subsection 7.5.2) increases, which in turn reduces the
intermediate-state lifetime. Therefore, to measure the triplet-state lifetime under
more realistic conditions, pulsed-excitation two-color point-scanning experiments
are performed. Again, dashed-line patterns are printed by the two co-focused
laser beams of wavelengths λ1 = 440 nm and λ2 = 640 nm. However, the power
of both lasers is modulated by a square-wave modulation with a duty cycle D and
a frequency f . The phase-delay ∆φ of the two power-modulated laser beams is
swept in the range ∆φ = 0–2π , which is equivalent to a time delay between the
square-wave pulse-burst

∆t =
∆φ

2π f
. (7.2)

Figure 7.11 shows the measured polymerization threshold-intensity I1 plotted
versus the phase-delay ∆φ. On the lower horizontal axis, ∆φ is converted to
the time-delay ∆t and on the right vertical axis, the intensity I1 is converted
to the corresponding laser power P1. Panel a shows results for the experiment
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Figure 7.11: Intermediate-state lifetime measurements using a phase-shifted pulsed
excitation. Two-color point polymerization intensity I1 (left vertical axis) plotted
versus the time delay ∆t (lower horizontal axis) and phase delay (upper horizontal
axis). On the right vertical axis, the polymerization laser power P1 is calculated using
the averaged FWHM beam-diameter of 209 nm. a, Results for photoresin PRA, a scan
speed vscan = 10 µm s−1, a frequency fA = 100 Hz, and a duty cycle of D = 30 %. b,
Same plot as in a, however with vscan = 50 µm s−1 and a frequency fC = 1 kHz. Note
the different lower horizontal axis scaling. Adapted from Ref. [12] with permission
from Springer Nature.

using photoresin PRA, D = 30 %, vscan,A = 10 µm s−1, fA = 100 Hz, and the
peak red laser beam power of P̂2 = 19 mW, corresponding to a peak intensity of
Î2 = 300 mW µm−2. For the results plotted in panel b, the more viscous photoresin
PRC is used at a higher pulse frequency fC = 1 kHz and a higher scan speed
vscan,C = 50 µm s−1.

In both cases, the blue laser beam threshold intensity I1 is minimal at ∆φ = 0 and
∆φ = 2π, i.e., for completely overlapping pulses. The threshold intensity increases
with increasing pulse phase-delay and plateaus in both cases for ∆φ = 2π · 0.3,
i.e., for completely non-overlapping pulses. For ∆φ = 2π · 0.6, the pulses start
overlapping again and the threshold intensity I1 decreases.

From these experiments, an upper limit of the effective intermediate-state lifetime
can be deduced. First of all, if the lifetime in either photoresin were significantly
longer than the period f−1, the threshold intensity I1 would be independent of
∆φ. Furthermore, if the lifetime in photoresin PRA τA were longer than D/ fA,
the observed plateaus in Figure 7.11 would appear smeared out. Hence, the
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7 two-color two-step-absorption photoinitiation

intermediate-state lifetime in photoresin PRA τA < 3 ms and, using the same
arguments, the lifetime in PRC τC < 300 µs.2

7.5 The Single-Color Triggered Polymerization

For an ideal two-color two-step photoresin, the two-color threshold contrast γ
approaches infinity. In the point-scanning experiments at v = 100 µm s−1, the
photoresins PRA and PRC have a threshold contrast of γA ≈ 200 and γC ≈ 30,
respectively. The limited factor for the polymerization threshold is a blue-light
triggered polymerization reaction. In this section, the nature of the single-color
triggered polymerization in the photoresins PRA, PRB, and PRC are discussed,
based on the focus-scanning characterization experiments and on triplet-state
reactions of biacetyl that are reported in the literature.

7.5.1 Exposure-Time Characteristics

To understand the behavior of the single-color polymerization in biacetyl pho-
toresins, focus-scanning experiments with variable scan speed are performed.
Figure 7.12 shows a double logarithmic diagram with the threshold intensity I1
plotted on the vertical axis and the scan speed vscan plotted on the horizontal axis.
I1 and vscan are converted to the laser power P1 (right vertical axis) and the effec-
tive exposure time texp (top horizontal axis) using the laser focus FWHM-diameter.
The measured threshold intensities for photoresin PRC show an almost linear
behavior and lie on a line with a slope slightly lower than 1. A slope below 1 is
also observed for the threshold intensities of photoresin PRA and PRB at slow scan
speeds vscan. For scan speeds vscan > 30 µm s−1, however, the situation changes
and the threshold intensities lie on lines with a slope of about 2. The nonlinear
behavior observed in the less viscous photoresins PRA and PRB indicate that the
single-color polymerization is suppressed for very long and very short exposure
times. Furthermore, the viscosity dependence of this nonlinear behavior suggests
that diffusion processes are involved.

For long exposure times, the radical polymerization is inhibited by the in-diffusion
of quenchers and scavengers into the exposed voxel volume [60, 61, 77]. This
effect was previously observed in multi-photon absorption 3D printing and is
referred to as “Schwarzschild effect”, in reference to the Schwarzschild effect in
photography [60, 61, 77]. The in-diffusion rate is faster in low-viscosity monomers
(as in photoresin PRA), consequently, the Schwarzschild effect is most pronounced

2 Since photoresin PRA is less viscous and hence, the bimolecular diffusion-rate for TEMPO is
larger in PRA than in PRC, the lifetime in photoresin PRA can also be expected to be τa < 300 µs.
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Figure 7.12: Single-color exposure point-
scanning experiments with variable
scan speed vscan for the photoresins
PRA, PRB, and PRC. The gray diago-
nals with a slope of 1 are a guide for the
eye. On the right vertical axis, the plot-
ted laser power P1 is derived from the
intensity I1 using the laser focus FWHM-
diameter. Similarly, the exposure time
texp is obtained by dividing the laser fo-
cus FWHM-diameter (average of all mea-
surements) by vscan. For low vscan, the
curves have a slope < 1, whereas at large
vscan, the slope is > 1 for PRA and PRB.
Adapted from Ref. [12] with permission
from Springer Nature.

there. However, the Schwarzschild effect cannot explain the nonlinear behavior
at short exposure times, which will be discussed in the context of triplet-triplet
annihilation.

7.5.2 Triplet-Triplet Annihilation

Biacetyl molecules in their triplet ground-state are quenched in a triplet-triplet
annihilation reaction [196]. From gas-phase experiments on biacetyl, Badcock
et al. [196] concluded that the triplet-triplet annihilation of two triplet-state bi-
acetyl molecules leads to one ground-state biacetyl molecule and one molecule
which gets promoted to the second excited singlet state S2. In vapor, biacetyl
molecules in the S2-state rapidly decay into free radicals [196]. In contrast, Richard
et al. [197] found that in solution, biacetyl molecules in the S2 state do not decay
into radicals, but rapidly decay to the S1 state. From these findings, it can be
concluded that biacetyl is effectively quenched by the triplet-triplet annihilation.
It should be pointed out, that this conclusion is in variance with the interpreta-
tions of Wolf [198], who attributes the measured second-order triplet-decay to
a triplet-triplet annihilation and consequently concludes that observed radicals
are generated in this process. However, no quantum yield measurement for the
observed radicals is presented.

Since the triplet-triplet annihilation is a bimolecular process, its rate increases
nonlinearly with the population of the T1 state. If the process were to yield
radicals, the radical concentration and hence the dose D would be proportional
to the exposure time texp times the squared triplet ground-state population [T1]

2,
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7 two-color two-step-absorption photoinitiation

which in turn is proportional to the squared blue laser beam intensity I2
1 :

D ∝ [T1]
2texp = I2

1 texp ∝ I2
1 v−1

scan. (7.3)

Therefore, a line with a slope of

d log(I1)

dlog(vscan)
= 1/2 (7.4)

is expected in the double-logarithmic plot of the single-color threshold intensity
I1 versus the scan speed. However, in Figure 7.12 the opposite, a slope of 2, is
observed for short exposure times. This observation is in better accordance with
a quenching reaction triggered by the triplet-triplet annihilation. There, large
populations of the T1-state lead to a more efficient quenching. This interpretation
is further confirmed by the rate-model calculations in section 7.6.

7.5.3 Hydrogen Abstraction

Furthermore, a hydrogen-abstraction reaction was described many times in the
literature for biacetyl in its triplet state [155, 199]. Therefore, chemical groups
bearing labile hydrogen atoms must be available in the vicinity of the triplet-
excited molecule. Typically, tertiary amines, alcohols, ethers, thiols, but also
esters serve as hydrogen donor groups [84]. Thus, in the photoresin, the acrylic
monomer can provide abstractable hydrogens. Since intramolecular hydrogen
abstraction is unlikely due to biacetyl’s geometry, the hydrogen abstraction in the
discussed photoresins is a bimolecular process, which is retarded in more viscous
monomers.3 Hence, this process competes with the quenching and scavenging
reaction of TEMPO and oxygen.

Thus, it is very likely that a hydrogen-abstraction reaction happens in the optically
excited photoresins PRA, PRB, and PRC. Interestingly, Wolf [198] has observed
acetyl-radicals being generated in degassed benzene solutions of biacetyl, which
were irradiated with light at the wavelength 440 nm. Unfortunately, no radical
quantum yield was calculated. The observation of radicals in this experiment is
surprising since benzene does not participate in hydrogen-abstraction reactions. In
another room-temperature photolysis experiment of degassed solutions containing
biacetyl, biacetyl did not decay at all [200].

7.5.4 Reactions with Molecular Oxygen

In free radical polymerization, oxygen is generally considered a polymerization
inhibitor since oxygen is a triplet state quencher but also reacts with propagating
3 Assuming that the rate is diffusion-limited.
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7 .5 the single-color triggered polymerization

radicals to nonreactive peroxy-radicals [88]. However, this inhibiting effect is not
necessarily true for reactions initiated by α-diketones. For instance, the α-diketone
camphorquinone polymerizes faster in some monomers in the presence of oxygen
than under an inert atmosphere [201]. Similarly, biacetyl also reacts with dissolved
oxygen [155, 202]. Therefore, it is possible that the single-color polymerization
in the photoresins PRA, PRB, and PRC is triggered by the oxidation of excited
biacetyl molecules.

However, Wolf [198] has irradiated biacetyl with light at the wavelength 440 nm
in a nominally degassed benzene solution. Despite the lack of available oxygen,
radical formation was detected. Moreover, Pascal Rietz has repeated the two-
color point-scanning threshold power experiments in photoresin PRA, once under
an argon atmosphere, and once under an oxygen enriched atmosphere [12]. In
both cases, the single-color polymerization-threshold power remained constant,
whereas the two-color polymerization threshold was indeed affected by the atmo-
sphere. Therefore, it can be assumed that the single-color polymerization in PRA,
PRB, and PRC is not triggered by an oxidation of excited biacetyl molecules.

7.5.5 Thermally-Activated Norrish Type I Reaction

Biacetyl was intentionally selected as two-step-absorption photoinitiator because
of its low triplet-state energy of 2.4 eV, which does not allow for a bond-cleavage
reaction. The α-carbon bond cleavage energy for biacetyl is approximately 3 eV.
This energy gap is confirmed by Concheanainn and Sidebottom, who measured an
activation energy of EA = 0.65 eV for the bond-cleavage reaction from the triplet
ground-state of biacetyl in the gas phase [192]. However, the pre-exponential
factor in the derived Arrhenius equation is as large as A = 2 · 1011 s−1. Hence, the
absolute (unimolecular) bond-cleavage rate coefficient at room temperature is

kscission(297 K) = A exp (EA) = 1.9 s−1. (7.5)

This rate coefficient is too small to yield significant bond-cleavage, especially in
comparison with biacetyl’s lifetime (see section 7.2). At this point, one could
argue that the temperature within the laser focus is likely well above the room
temperature. To attain a considerable bond-scission rate constant of kscission =
103 s−1, the local temperature must reach T = 394 K = 121 ◦C. Assuming no
highly absorbing transient species are generated, an estimate for the temperature
in the laser focus can be made based on an analytical formula, which takes the heat
conduction in two dimensions into account [106]. Assuming the monomer thermal-
conductivity of kthermal = 1.4 · 10−1 W K−1 m−1 [203], a monomer mass-density
of ρmonomer = 1.1 kg L−1 (vendor specification), a specific heat of cp,monomer =

1.89 J g−1 K−1 (vendor specification), an incident laser power of P1 = 1 mW, and
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an exposure time of texp = dFWHM · v−1
scan = 2 ms, a temperature increase of

∆T(texp) =
ϵ1(λ1)c ln(10)P1

4πkthermal
ln

(
8texpkthermal

w2
0cp,monomerρmonomer

+ 1

)
= 2.8 K (7.6)

can be estimated. Here, c is the photoinitiator concentration and w0 is the 1/e2

beam radius. A further increase of the local temperature is caused by the exother-
mic polymerization reaction itself [132], 4 which of course occurs only after the
initiation. Thus, it is unlikely that the single-color polymerization is a thermally ac-
tivated Norrish type I reaction, originating from the lowest triplet state. However,
a local increase in temperature lowers the viscosity, which affects diffusion-limited
processes.

7.5.6 Other Triplet-State Reactions

Similar to benzil, one-color two-step absorption could also happen in biacetyl.
However, the triplet-triplet absorption spectrum of biacetyl does not show any
absorption band at the wavelength λ1 = 440 nm. Still, if there were some low
triplet-state absorption at 440 nm, the expected threshold laser-intensity would be
much higher than for the red laser beam in the two-color exposure. Thus, at the
used wavelength λ1 and the used intensities I1, one-color two-step absorption is
unlikely responsible for the single-color polymerization threshold.

Yet another mechanism by which biacetyl’s lowest triplet-state can react is a
photoenolization reaction. A photoenolization reaction is a phototautomerization
reaction, in which a proton is relocated from a carbon atom to an oxygen atom.
This reaction was observed for biacetyl in solution, which was irradiated with light
at the wavelength 435.8 nm [204]. However, under these conditions, appreciable
photoenolization quantum yields were obtained only at a temperature of 100 ◦C.

Pre-excited biacetyl molecules could also reabsorb the emitted phosphorescence
of surrounding biacetyl molecules [148]. In contrast to triplet-triplet annihilation,
which happens nonradiatively, this process is mediated by emission and absorption
of radiation. Incidentally, biacetyl’s red phosphorescence emission overlaps with
its triplet-triplet-absorption band [188, 190], which is a pre-condition for reabsorp-
tion of radiation. However, the local intensities reached by the phosphorescence
are far off the necessary red laser beam intensities observed in the two-color poly-
merization experiments (see Figure 7.6). These low phosphorescence intensities
have two reasons. First, for biacetyl, the phosphorescence quantum yield in the
absence of any quencher is on the order of a few percent [188]. Second, due to the

4 The temperature increase caused by the polymerization reaction was estimated to be a few
Kelvins for the monomer PETA and two-photon absorption [132].
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(by design) low extinction of the photoresin, only a small fraction of the incident
blue photons are absorbed within the exposed voxel volume. Thus, despite the
overlapping spectra, photon reabsorption is unlikely to cause the single-color
triggered polymerization.

7.6 Numerical Modeling of the Photoinitiation Process

Numerical rate models can be used to better understand the interplay of the
involved different processes in the two-color two-step photoinitiation. For the free
radical polymerization, rate-equation models were already developed for single
voxel exposure experiments [60, 77] and for the case of global illumination [88].
There, the behavior of the initiation, the free radical propagation, and the termi-
nation were successfully modeled. While in those models, the initiation step is a
simple unimolecular, irreversible reaction, the initiation step in two-step absorp-
tion is more complex. Therefore, a rate model which focuses on the photoinitiation
and neglects the downstream processes, i.e., radical propagation and termination,
is presented .

7.6.1 Model Design and Parameters

Figure 7.13 shows a sketch of the energy-level diagram used to model the two-color
two-step photoinitiation of biacetyl. State A is the ground state and is populated
at time t = 0 s. Molecules are excited by a blue-light intensity-dependent rate
coefficient k1 to state B’, from where molecules rapidly decay to state B, which is
identified with the intermediate state. Thereof, molecules can be further excited
by a red-light intensity-dependent rate coefficient k2 to state C, whose population
either decays back to the state B by a rate constant kD2, or the population decays
into the state D by a rate constant kR2. State D is identified with the radical
concentration and hence the accumulated dose. As in the rate model for benzil
(see section 5.3), the polymerization threshold is reached once state D is populated
with 10 % of the total initial photoinitiator population, i.e.,

[D]th = 10 %[A](0). (7.7)

Furthermore, four other decay processes are allowed from state B. First, the
population of state B decays in an unimolecular decay with the rate constant kD1
to the ground state A. Second, [B] decays to the ground state in a bimolecular
reaction with other molecules in state B, i.e., with the rate kTTA[B]

2. The latter
decay models the triplet-triplet annihilation. Third, the population decays to an
nonreactive species X with the rate kQ[Q][B], where [Q] is the population of the
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Figure 7.13: Sketch of the kinetic rate-model for biacetyl. Photoinitiator molecules
are optically excited from the ground state A to state B’ with rate coefficient k1 ∝ ϵ1 I1,
with ϵ1 being the ground-state extinction coefficient and I1 the intensity at wavelength
λ1. From B’, molecules relax rapidly to the intermediate state B. Five reaction
pathways exist from the intermediate state. First, molecules relax to the ground-state
via an unimolecular decay with the rate coefficient kD1. Second, the population
of state B decays via a triplet-triplet annihilation reaction with bimolecular rate
coefficient kTTA. Third, intermediate-state molecules are quenched by a quencher Q
in a bimolecular reaction with rate coefficient kQ, yielding an inert state X. Fourth,
molecules decay to state D, which is identified with the deposited dose, by a rate
constant kR1. Fifth, molecules can be excited optically with a rate coefficient k2 ∝ ϵ2 I2
to state C. From state C, molecules either decay back to state B with rate kD2 or they
decay to state D with the rate coefficient kR2. Due to the irreversible quenching and
radical-decay processes, photoinitiator and quencher molecules are consumed in the
reaction. The ground-state populations of these molecules are repopulated with the
rate coefficient kDiff from the reservoirs Ares and Qres. Adapted from Ref. [12] with
permission from Springer Nature.

quencher state.5. And, finally, the population may decay directly to state D with
the rate constant kR1.

In the quenching reaction, photoinitiator- and quencher-molecules are removed
from the system. In the model, both populations are replenished from infinite reser-
voirs Ares and Qres with the diffusion rates kDiff([A]res − [A]) and kDiff([Q]res − [Q]).
The assumption of infinite reservoirs simplifies spatial variations and diffusion
processes of the molecules. In more rigorous treatments, the diffusion processes
are taken into account by solving the diffusion equation [77].

5 The terms scavenging and quenching are used interchangeably within this chapter.
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Table 7.1: Rate coefficients used for the two-color two-step polymerization rate
model. The molar decadic extinction coefficients are ϵ1 = 20 m

−1 cm−1 = 2 m2 mol−1

and ϵ2 = 700 m
−1 cm−1 = 70 m2 mol−1. The wavelengths are given in m (meters)

and the intensities in W m−2. The pre-factor 1.92 mol−1 J−1 m−1 results from the
conversion from a molar decadic extinction coefficient to an absorption cross section.
The viscosity η is given in Pa s. R is the ideal gas constant, T the thermodynamic
temperature, which is set to T = 296 K in the calculations. The resulting bimolecular
rate coefficients kTTA, kDiff, and kQ are in units of m

−1 s−1. The remaining rate
coefficients are in units of s−1.

rate coeff. value source

k1 0.1 · 1.92 mol−1 J−1 m−1 · ϵ1λ1 I1 (t) fit
kD1 5 · 103 fit, based on Ref. [188]
kTTA 8000RT/

(
3η
)

experiment (diffusion limited)
kDiff 106/η fit, based on Ref. [60]
kR1 5 · 102 fit
k2 1.92 mol−1 J−1 m−1 · ϵ2λ2 I2 (t) experiment
kD2 106 fit
kQ 8000RT/

(
3η
)

experiment (diffusion limited)
kR2 103 fit

For this model, the following rate-equations are derived:

d[A]

dt
= −k1[A] + kD1[B] + kTTA[B]

2 + kDiff([Ares]− [A]), (7.8)

d[B]
dt

= +k1[A]− (kD1 + kR1 + k2) [B]− kTTA[B]
2 + kD2[C]− kQ[B][Q], (7.9)

d[C]

dt
= +k2[B]− (kD2 + kR2) [C], (7.10)

d[D]

dt
= +kR1[B] + kR2[C], (7.11)

d[Q]

dt
= −kQ[B][Q] + kDiff([Qres]− [Q]), (7.12)

d[Ares]

dt
= 0, (7.13)

d[Qres]

dt
= 0. (7.14)

State [B’] is not included in the coupled differential equations because it decays
to state [B] instantaneously. The initial conditions for the coupled differential
equations are given by A(0) = Ares(0) = 100 mm and Q(0) = Qres(0) = 10 mm.
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Figure 7.14: Two-color polymerization
threshold obtained by rate-model cal-
culations. The intensities I1 and
I2 (lower horizontal and left vertical
axis) are converted to laser powers
P1 and P2 using the focus FWHM-
diameters dFWHM,1 = 187 nm and
dFWHM,2 = 283 nm. The calculated
curves agree with the corresponding
point-scanning experiments shown in
Figure 7.7. Adapted from Ref. [12] with
permission from Springer Nature. 10-1 100 101 102
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All other states are initially unpopulated. The parameters used in the computations
are listed in Table 7.1.

In the characterization experiments, the laser is scanned in dashed line patterns.
Hence, a single point on the scanned line is exposed to a temporally variable
intensity. The model reproduces the temporal intensity profile by a Gaussian
profile with a (temporal) FWHM-diameter of tFWHM,i = dFWHM,ivscan, where
dFWHM,i is the spatial (measured) laser-focus FWHM-diameter and vscan the scan
speed. For the blue laser beam, dFWHM,1 = 187 nm and for the red laser beam,
dFWHM,2 = 283 nm. The temporal Gaussian profiles are both centered at t =
2tFWHM,i, to avoid a cut-off of the musicians’ tails at t = 0 s. For the same reason,
the calculation is only stopped at the time tend = 5tFWHM,2.

The coupled differential equations are solved using Matlab’s “ode23s”-solver [205].
Furthermore, the threshold-intensity is obtained by numerically searching for the
minimal blue intensity I1 which fulfills the threshold condition (see Equation 7.7)
for the given set of parameters.

7.6.2 Results

The rate-model parameters are derived by manually fitting calculated curves to
the experimental polymerization-threshold data shown in Figure 7.7, Figure 7.11,
and Figure 7.12, i.e., to the threshold data obtained for different monomer vis-
cosities, for the pulsed excitation experiments, and for blue-light only exposure
experiments. The results for the three modeled experimental data-sets are shown
in Figure 7.14, Figure 7.15, and Figure 7.16.

First, the trend of the threshold-curves for different monomer viscosities plotted
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Figure 7.15: Rate-model calculations of the polymerization threshold-intensities
for a phase-shifted pulsed two-color excitation scheme. The corresponding results
of point-scanning experiments are shown in Figure 7.11. a, Results for photoresin
PRA, a simulated scan speed vscan = 10 µm s−1, a frequency fA = 100 Hz, and a
duty cycle of D = 30 %. b, Same plot as in a, however for vscan = 50 µm s−1 and a
frequency fC = 1 kHz. Note the different lower horizontal axis scaling. Adapted
from Ref. [12] with permission from Springer Nature.

in the two-color polymerization-threshold diagram in Figure 7.14 agree well with
the experimentally obtained curves. For the high-viscosity monomer DPEHA, the
polymerization threshold is lower than for the lower-viscosity monomers PETA
and TMPTA.6 Furthermore, all curves show a sigmoid behavior with a plateau for
larger scan speeds. More importantly, the computed curves also agree with the
experimentally obtained curves, in that the threshold-contrast also increases for
the less viscous monomers.

The modeled results for the pulsed-light excitation experiments are shown in
Figure 7.15. For both conditions, i.e., a pulse repetition rate of fA = 100 Hz in
photoresin PRA (panel a) and a pulse repetition rate of fC = 1 kHz in photo-
resin PRC (panel b), the model reproduces the experimentally observed curve
shapes. In panel a, the modeled curve shows a flat plateau for non-overlapping
pulses (i.e., 7 ms > ∆t > 3 ms). Outside this range, the threshold intensity
rapidly decays and is minimal for ∆t = 0 s and ∆t = 10 s. However, the absolute
threshold-intensities only agree with the order of magnitude with the experimen-

6 No threshold-curve is calculated for the monomer PETTA, due to missing room-temperature
viscosity data.
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Figure 7.16: Polymerization threshold-
intensities obtained by rate model cal-
culations for a blue-light only exposure
of photoresins PRA, PRB, and PRC at
different scan speeds. The correspond-
ing results point-scanning experiments
are shown in Figure 7.12. The gray diago-
nal lines have a slope of 1 and are a guide
for the eye. For low scan speeds (long
exposure times), the threshold intensity
plateaus with a slope < 1, whereas for
high scan speeds (short exposure times),
the threshold intensity increases quadrat-
ically with the scan speed, i.e., I1 ∝ v2

scan.
Adapted from Ref. [12] with permission
from Springer Nature.
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tally observed threshold-intensities.
Similarly, the results shown in Figure 7.15b overall agree with the experimental
results. For overlapping pulses, the computed absolute threshold-intensity value
overestimates the measured values by a factor of five. For non-overlapping pulses,
the intensity-thresholds differ only by a factor of ≈ 1.5. In contrast to the curve
in Figure 7.15a, however, the plateau in the computed curve in panel b appears
smoothed. Also the computed slopes at ∆t = 300 µs and ∆t = 700 µs are less
steep than in the experiment. This smoothed appearance of the threshold curve
is expected, if the effective lifetime of state B becomes comparable to the pulse
period. Consider again the extreme case for an infinite intermediate-state lifetime.
In this case, the intermediate-state population is irrespective of the pulse delay
∆t and no plateau is expected for the curves shown in Figure 7.15. Hence, it
can be directly concluded that the rate-model slightly overestimates the effective
intermediate-state lifetime.

Finally, the modeled data for the blue-light only exposure at different scan speeds
are shown in Figure 7.16. Again, the trend towards lower polymerization thresh-
olds for an increased monomer viscosity is reproduced accurately by the model.
As expected from the experiment, at scan speeds below 10 µm s−1, the curves start
to plateau. This plateau is caused by the diffusion of quencher and photoinitiator
molecules from the reservoirs Ares and Qres into A and Q. For large scan speeds,
the slope of the curves increase, which is expected from the triplet-triplet annihi-
lation of the intermediate-state molecules. However, in the experiments for the
monomer DPEHA (PRC), this increase in slope is not observed.

126



7 .6 numerical modeling of the photoinitiation process

7.6.3 Discussion

Overall, the proposed rate model qualitatively reproduces the experimental find-
ings of the polymerization threshold for photoresins of different monomer viscos-
ity, for a pulsed laser excitation, and for a single-color exposure at scan speeds
spanning more than two orders of magnitude. Yet, some discrepancies between
the computed and experimentally-obtained results exist. These discrepancies are
understandable since the model simplifies the polymerization process. These
simplifications are discussed in the following paragraphs.

First of all, in the model, the polymerization threshold condition is reached, once
state D is sufficiently populated. In reality, the polymerization threshold can
be linked to the degree of monomer conversion [79], which could be modeled
by a radical propagation and termination reaction, starting from state D. In the
course of the polymer propagation reaction, the monomer viscosity increases and
hence bimolecular reactions slow down. However, expanding the proposed rate
model by these reactions adds further unknown rates and leads to an overall more
complex rate model. Therefore, the radical propagation and termination are not
included in the rate model.

Furthermore, the proposed model contains only the quencher (or scavenger)
state Q. In reality, several photoresin ingredients are known to be biacetyl triplet
quenchers, for instance TEMPO, oxygen, and the acrylic monomer itself [152, 156,
206, 207]. No biacetyl quenching rate constant for TEMPO could be found in
the literature. However, data is available for di-tert-butyl-nitroxide [206], which
can be expected to quench the biacetyl triplet at a diffusion-limited rate in the
acrylic monomer. Similarly, oxygen is an infamous biacetyl triplet quencher [156],
which is, under ambient conditions, also dissolved in photoresins [88]. In fact,
(irreversible) oxygen quenching was already recognized in the first photochemical
investigations on biacetyl [181]. The quenching rate constant of oxygen is diffusion-
limited in the viscous monomers [152, 156, 208]. While oxygen is a small molecule
with a high diffusion coefficient compared to TEMPO, the absolute concentration
of oxygen is approximately 10 times lower than that of TEMPO. Hence, TEMPO is
expected to govern the quenching of biacetyl triplets and oxygen is neglected in
the model. Finally, for the quenching of the used acrylic monomers, no data is
available. However, the quenching rate constant of other acrylic monomers is well
below the diffusion limit and hence, monomer quenching is neglected as well in
the model.

In the model, quenching is assumed to transfer biacetyl molecules from the B
state to an inert state X. However, also reversible quenching, i.e., by transferring
molecules from state B to state A, is conceivable. For the biacetyl quenching by
oxygen, available data indicates that reversible and irreversible quenching hap-
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7 two-color two-step-absorption photoinitiation

pens at comparable rates [181, 209], leading ultimately to a depletion of oxygen.
From the literature, it is unclear whether quenching by TEMPO is primarily re-
versible or irreversible. It is likely that TEMPO is regenerated for some quenching
reactions [157]. However, TEMPO also participates in irreversible radical scaveng-
ing [198]. Unfortunately, quantitative measurements of the quenching mechanism
of TEMPO in the used acrylic monomers are scarce. Hence, reversible quenching
is neglected in the model.

The single-color polymerization reaction in the model proceeds with the unimolec-
ular rate coefficient kR1 from the B state. From the discussion on the characteristics
and mechanism of the single-color induced polymerization (see section 7.5), it was
concluded that radicals are likely generated in a bimolecular hydrogen-abstraction
reaction. Again, no measurements of the rate of hydrogen abstraction by biacetyl
in the used acrylic monomers were found in the literature. Also, the most likely
substrate for hydrogen abstraction, the acrylic monomer itself, is available in
abundance. Hence, a this process is simplified by a unimolecular rate coefficient.

To understand the photochemical processes in the two-color two-step photoresins
better, analytical quantitative experiments, focusing on the interplay of TEMPO
and biacetyl, should be performed. Open key questions are, whether the quench-
ing of biacetyl is of physical (i.e., reversible) or chemical (i.e., irreversible) nature.
Moreover, to understand how to increase the two-color polymerization threshold
contrast γ, the single-color polymerization reaction should be studied in more
depth. One option is to use perfluorinated chemicals to suppress the hydrogen-
abstraction reaction. In summary, despite some open questions, the presented
rate model reproduces the experimental results and provides a starting point for
future investigations.
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8
Chapter 8

Light-Sheet

3D Microprinting

Close-up photograph of the light-sheet 3D microprinting setup.

In this chapter, a light-sheet 3D microprinting system, which is tailored to the two-color
two-step-absorption photoinitiator biacetyl, is presented. With this setup, 3D microstruc-
tures printed in the blink of an eye are fabricated.
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8 light-sheet 3d microprinting

8.1 A Setup for Light-Sheet 3D Microprinting

Light-sheet 3D microprinting is a novel technique [9–11] and, as such, there
are no fully engineered, technologically-matured general-purpose 3D light-sheet
printers yet that can be bought off the shelf. Hence, for printing experiments with
the photoresins presented in chapter 7, a light-sheet 3D microprinter is custom
designed and built. In this section, critical design aspects of a 3D light-sheet
microprinter are discussed. Similar to the process of commercial product design,
we will first define very general requirements for the microprinter. Next, we will
discuss features of the technical implementation. Finally, the assembled setup is
presented alongside with an evaluation of its optical performance.
The following discussion will take up the general introduction on light-sheet 3D
microprinting, which was presented in section 7.1.

8.1.1 Design Considerations and Requirements

The trend in 3D printing is clearly towards higher printing rates [48], which also
sets the design objective for a light-sheet 3D microprinter. At this point, one
might already ask the question, why one should build a light-sheet 3D printer
for micrometer-sized structures instead of a light-sheet 3D printer with more
macroscopic voxel sizes. There are two reasons to do so. First, a higher printing
resolution allows 3D printing for numerous exciting applications, like micro-optics
or cell-scaffolds [74, 210]. The second reason is more pragmatic. To polymerize one
voxel, a certain amount of energy must be absorbed by the photoinitiator within
the voxel volume. Large voxels require more energy than small voxels. Since the
total available laser power is limited, a higher voxel printing rate can be achieved
for smaller voxel volumes. Thus, in light-sheet 3D microprinting, we make a
virtue out of necessity and aim for both, high printing rates and micrometer-sized
voxels.

Generally, high printing rates require either a high degree of parallelization, i.e.,
a large number of simultaneously exposed voxels, or a short voxel exposure
period. While light-sheet 3D microprinting allows for parallelization, there are
still three reasons, to make a short voxel exposure time a priority. First, we have
seen in section 7.4 that short exposure times lead to triplet-triplet annihilation,
resulting in a large polymerization threshold contrast γ, which is ideal in light-
sheet 3D microprinting. While this photoresin behavior might not hold true for
any two-color two-step photoinitiator, there is a second good reason to stick to
short exposure times. In the course of the polymerization, the refractive index
of the polymerized material increases by as much as ∆n ≈ 0.02 [60]. This local
increase in refractive index within the focal plane entails disturbing aberrations
and scattering of the light-sheet beam. Fortunately, the polymerization is not
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z / µm Figure 8.1: For a Gaussian beam, the Rayleigh
length and the beam waist are inherently linked.
The dashed line outlines the 1/e2-diameter of a
Gaussian beam profile, propagating in the −x-
direction, with a beam waist of 1.5 µm. The continu-
ous line outlines a Gaussian beam with larger beam
waist of 3 µm. Consequently, the Rayleigh length,
shaded in red, of the wider beam is longer. In the
calculations, a wavelength of λ2 = 660 nm and a
refractive index of n = 1.5 is used. Adapted from
Ref. [12] with permission from Springer Nature.

instantaneous. In acrylic photoresins, the crosslinking reaction starts only after an
induction period, in which quencher molecules are consumed, and proceeds for
a few hundred microseconds up to a millisecond, depending on the photoresin
viscosity [60, 88]. Thus, to avoid scattering of the light-sheet beam during the
polymerization, exposure times on the order of a few hundred microseconds
are desirable.1 To understand the third reason why short exposure times are
preferable over a high degree of parallelization, one must consider how the length
of the projected layer limits the axial voxel size.

In light-sheet 3D microprinting, the axial voxel size, that is the voxel size in the
propagation direction of the projection beam (z-direction), is defined by both, the
light-sheet beam and the projected image. The projected image is focused with
a certain NA into the photoresin (refractive index n). The larger the NA is, the
faster the intensity decays on either side of the focal plane, at least for one isolated
focused beam. However, when a large area is exposed, i.e., many densely packed
focused beams, the projected intensity does not decay axially and the projection
optics does not define the axial voxel size (see section 2.6).

In any case, the axial voxel size is defined by the perpendicular propagating
light-sheet beam with wavelength λ2 and beam waist w0. Ideally, one wants the
w0 to be as small as possible. As illustrated in Figure 8.1, for a Gaussian beam, a
small beam waist implies a small Rayleigh length lR [129], i.e., a narrow depth of
focus,

lR =
πω2

0n
λ2

∝ d2
z. (8.1)

Here, dz is the light-sheet height (see Figure 8.2). If, however, lR is very small
compared with the length of the projected image along the light-sheet propagation
axis dx, then the axial voxel size at the edge of the projected image is much larger

1 Scattering of the light-sheet beam is addressed again below.
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Figure 8.2: Light-sheet dimensions.
The light-sheet propagates in the −x
direction. The light-sheet height dz
is the dimension along the projec-
tion propagation axis. The light-sheet
length dx is the dimension along the
light-sheet propagation axis. The
light-sheet span dy is perpendicular
to the light-sheet and projection prop-
agation axes.
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than in the center. This is clearly not desired. Hence, for an uniform axial voxel
size across the projected field of view, the Rayleigh length lR must be larger than
dx, i.e., lR ⪆ dx. Thereby, the light-sheet beam waist w0, and hence the axial voxel
size, limits the projected length dx, leading to a trade-off between (axial) voxel
size and printing rate. This marks the third reason why short exposure times
are favored over a high degree of parallelization, i.e., a large field of view, in
light-sheet 3D microprinting.

8.1.2 Implementation

There is, however, a technical lower limit for the exposure time imposed by the
frame rate of the projection system. At a 1920 × 1080 px resolution, state of the art
digital micromirror device (DMD)-type microdisplays achieve black-and-white
frame rates of up to 20 kHz, or 1 kHz when displaying grayscale images [211].
High speed LCOS displays achieve frame rates of 720 Hz [178]. While DMD-
type microdisplays offer excellent intensity contrast, the micro-mirrors within
one display have some tilt angle variance, making DMDs incompatible with the
demagnifying optics used for 3D light-sheet microprinting [212]. For this reason,
slices are projected using an LCOS display with a minimum exposure time of
1.4 ms.

Available high frame-rate microdisplays are fabricated for video projectors and
hence these displays typically have a widescreen aspect ratio of RA = 16/9 = 1.77̄.
If the entire display area is to be projected, this leaves the design choice of the
orientation of the projected display with respect to the light-sheet beam, i.e., either
the long or the short display side is coaligned with the light-sheet propagation
axis. Several arguments need to be considered in this regard. First, the intensity
I2 of the light-sheet beam is larger, when the long side of the display is coaligned
with the light-sheet propagation axis. This can be understood by the following
calculation. The intensity is inversely proportional to the light-sheet height dz and
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the light-sheet span dy (see Figure 8.2),

I2 ∝ d−1
y d−1

z . (8.2)

Equation 8.1 relates the light-sheet height dz to the Rayleigh length by

dz ∝
√

lR ∝
√

dx. (8.3)

Inserting Equation 8.3 into Equation 8.2 for a constant projection area A = dxdy
yields

I2 ∝
√

dx

A
. (8.4)

Hence, for a fixed projection area, the light-sheet intensity is higher if the display’s
long side is parallel to the light-sheet propagation axis.
On the other hand, this alignment leads to a larger light-sheet height dz and
hence a larger voxel aspect ratio, i.e., the ratio of the voxel’s axial and lateral
width. Furthermore, as discussed above, changes in the refractive index during
polymerization lead to a scattering and hence an extinction of the light-sheet
beam along its propagation axis. This scattering increases for larger dx. For these
two reasons, the LCOS is aligned with its short side collinear to the light-sheet
propagation axis – despite the lower intensity, which can be compensated by
higher laser powers.

In the design of a light-sheet 3D microprinter, one pivotal degree of freedom affect-
ing most design decisions downstream is the assignment of the light wavelength
to either the light-sheet beam or the projection beam. For either choice, there are
several pros and cons. If biacetyl is used as photoinitiator, one beam must be
blue-colored and the other beam must be red-colored. Let us first consider the
argument for a blue-colored light-sheet beam.

For a Gaussian beam, the Rayleigh length is inversely proportional to the wave-
length (see Equation 8.1). That means, that for a given beam waist and medium,
a Gaussian beam of blue-color has a longer Rayleigh length than a beam of red
color. Therefore, a blue-colored beam enables a longer projected field of view, and
hence more simultaneously exposed voxels.
Conversely, for a constant Rayleigh length, the beam waist of a Gaussian beam
decreases proportional to the square root of the wavelength (again, see Equa-
tion 8.1). A small light-sheet beam waist is particularly interesting to achieve
isotropic voxels.

However, there are several reasons for a red light-sheet beam. For the two-color
two-step-absorption photoresins, we have observed also single-color exposure
polymerization. This undesired polymerization happens when exposing the
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photoresin intensely or for an extended period with only blue light, hence both
conditions must be avoided. The light-sheet beam is focused with low NA, and
accordingly, the intensity does not decrease rapidly in the focused light cone.
Moreover, the light-sheet beam is switched on constantly. On the other hand, the
intensity of the tightly focused projection beam decays rapidly outside the focal
plane, at least when projecting sparse layers. Only when exposing layers with
high filling fractions, the axial intensity profile decays slowly. Still then, since the
exposed patterns change for each layer, the out-of-focus intensity distribution also
changes. Thus, the photoresins shortcomings favor a light-sheet 3D microprinting
setup in which the blue light is used for projection.
Above all, the most pressing argument for a blue projection beam is the necessary
laser power. While the projection beam exposes a two-dimensional area, the light-
sheet beam exposes only a single line since its propagation direction is within the
focal plane. Therefore, for a given wavelength, more laser power is needed for
the projection beam than for the light-sheet beam. However, the readily available
laser powers are limited. From the point-scanning experiments on photoresin
PRC, we know that the voxel threshold intensity for the red laser beam is two
orders of magnitude larger than for the blue laser beam. Hence, in order to keep
the necessary red laser power at a manageable level, also in regard to the damage
threshold of optical components, a red light-sheet beam is used.

The choice of the exact light-sheet beam wavelength is flexible, due to the broad
triplet-triplet absorption spectrum of biacetyl. While the triplet-triplet extinction
increases in the infrared spectral range (see Figure 7.5), a smaller light-sheet
wavelength leads to a tighter focused beam (for a given NA) and hence to a
higher local intensity, compensating the lower triplet-triplet extinction. A good
compromise is found at a wavelength of 710 nm. However, currently, no high
power, high beam-quality lasers are available at this wavelength. The nearest
practical laser wavelength is 660 nm, which lies also close to the used 640 nm
characterization wavelength used in chapter 7. Hence, this wavelength is chosen
for the light-sheet beam.

More wavelength-options are available for the blue projection-beam, which, in
contrast to the light-sheet beam, does not rely on a high beam-quality. The
absorption spectrum of ground-state biacetyl ranges from 380 nm to 450 nm. Two
common high-power gallium-nitride laser diode wavelengths fall in this range,
405 nm and 445 nm. From a resolution point-of-view, the smaller wavelength is
favored for its smaller diffraction-limited PSF. However, the used LCOS display
absorbs near-UV light, making a 445 nm projection beam preferable. Moreover,
the excitation of biacetyl by 445 nm wavelength is also close to the zero-phonon
line of biacetyl [187]. An excitation at this wavelength hence provides less excess
vibrational energy for undesired photoresin heating or other reactions triggered
from the lowest excited state (see section 7.5).
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So far only lasers have been considered. Recently high power LEDs have become
available in the blue spectral region. However, their radiance, that is the emitted
power per projected area and per solid angle, is insufficient to expose the pho-
toresin. For instance, consider a state-of-the art LED2 emitting almost 10 W of
power in a Lambertian emission profile from an area of 1.86 mm2. This LED has
a basic radiance, which is a conserved quantity in ideal optical systems [213], of
L∗

e,0 = 1.7 W sr−1 mm−2. In the characterization experiment for photoresin PRC, a
blue laser beam threshold intensity (i.e., irradiance in the language of radiometry)
of Ith = 0.1 µW µm−2 was found. When focused with a NA = n sin(θ) = 1.2 in a
photoresin of refractive index n = 1.5, the basic radiance at the polymerization
threshold is

L∗
e,1 =

Ith

2π
(
1 − cos (θ)

)
n2 = 18 W sr−1 mm−2, (8.5)

which is 10 times larger than the basic radiance of the LED. Thus, even when
neglecting any transmission and polarization losses in the beam path, LEDs are
currently an inadequate illumination source for rapid light-sheet 3D microprinting
with the proposed two-color two-step photoresins, no matter how large (or small)
the projected area is.

Next, the beam-shaping options are discussed. The blue projection beam should
evenly illuminate the rectangular LCOS microdisplay. There are two power
economic, commonly used techniques for laser beam shaping [214]. In the first
method, the “field mapping” method, a single spatial-mode laser beam, typically
of Gaussian shape, is formed to a flat top beam by a phase element, e.g., refractive
optics [102, 103]. The beauty of this method lies in the resulting flat wavefront,
which is hence free of speckles. Moreover, the polarization state of the input
beam is preserved. However, a nonnegotiable prerequisite is a clean spatial mode
profile at the input. For the laser powers needed in light-sheet 3D microprinting,
single-mode laser diodes do not exist.
A multi-mode compatible alternative to field mapping homogenizers are beam
integrators, which work by superimposing many plane waves [214]. This is
achieved by microlens arrays or by channel integrators, e.g., homogenizer rods or
multi-mode optical fibers. They do, however, produce speckle patterns, which can
be reduced for instance by temporally incoherent light sources [215].
Since only diode lasers with a spatial multi-mode emission are available with
sufficient laser power for light-sheet 3D microprinting, we will resort to a multi-
mode fiber as beam homogenizer in the setup presented below. Speckles are
reduced by using an array of laser diodes, effectively increasing the spectral width.
Again, if LEDs with sufficient radiance were available, speckle patterns could be
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Figure 8.3: Three ways of forming a uniform light-sheet beam. a, A circular
Gaussian beam expanded by a cylindrical lens and clipped at an aperture. b, A
Gaussian beam is rapidly scanned along one axis, forming a virtual light-sheet. c,
An aspheric lens forms a divergent line, which is then “collimated” by a lens. In all
examples, the light-sheet beam propagates in the −x direction.

easily suppressed.

Similarly, there are several ways in which a light-sheet beam can be formed from
a (circular) Gaussian beam. In the most primitive form, a cylinder lens focuses
the beam along only one axis. In this configuration, the beam intensity profile
across the unfocused axis retains its Gaussian profile and hence, the intensity in
the center of the light-sheet is higher than at the edge. Figure 8.3 shows three
ways to achieve a more uniform lateral beam profile.
First, the Gaussian beam can be clipped by an aperture. This, of course, leads to
significant power losses and is only feasible if sufficient optical power is disposable.
In the second option, a circular laser beam is scanned rapidly along the span of
the light-sheet [216], enabling variable light-sheet widths. In this configuration,
the line-scan frequency must be larger than the frame rate. Moreover, if the light-
sheet beam excites the second step of a two-step absorption process, the line-scan
frequency must also exceed the decay rate of the photoinitiator’s intermediate
state. Otherwise, photoinitiator molecules are pre-excited numerous times from
the ground-state to the intermediate state, before they eventually get excited by the
light-sheet beam. This unnecessary photoinitiator cycling requires an increased
blue laser power and favors undesired side-reactions from the intermediate-
state. For the biacetyl photoresins, we estimate an intermediate-state decay-rate of
approximately 1 kHz, which is just at the edge of what fast galvanometric scanners
achieve.
Finally, a circular Gaussian beam can also be transformed to a uniform, stationary
light-sheet beam in a laser-power economic fashion by shaping the wavefront,
e.g., with a Powell lens, which is a cylindrical aspheric lens [217, 218]. A detailed
description of an according optical arrangement is given below in subsection 8.1.3.

2 Osram Ostar Projection Power LE D P0MQ.
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Let us discuss a further, elegant way of obtaining a light-sheet beam using spatial
multi-mode laser diodes. By design, edge-emitting laser diodes emit beams with a
single transverse-mode and multi longitudinal-mode beam profile, which is exactly
the beam profile needed in a light-sheet. Hence, one only needs to image the facet
of the laser diode with appropriate transverse and longitudinal magnifications to
obtain a light-sheet beam. Modern single-emitter laser diodes emit up to 1.3 W
cw radiation in the red and near-infrared spectral range3. When focused to a
light-sheet with a 3.5 µm FWHM waist and 160 µm span4, a peak intensity of
2.3 mW µm−2 can be achieved. This is just short of the necessary red laser beam
threshold intensity of ≈ 6 mW µm−2 obtained in the single-point characterization
experiments (see Figure 7.7). Hence, with the two-step photoresins at hand, laser
diodes are not yet a feasible option for light-sheet generation. This might change
with the development of more sensitive photoresins or higher-powered laser
diodes.

The purpose of light-sheet 3D microprinting is to print rapidly, which allows large
structures to be printed within an acceptable time. So far, we have discussed the
exposure of only a single layer. There, the lateral extent of light-sheet printed
objects is limited by the LCOS field of view and the axial extent by the light-
sheet. To print 3D structures, several printing fields must be stacked axially on
top of each other, and, for increased lateral structure dimensions, stacks can be
stitched laterally next to each other. Conceptually, two options exist to do so:
Either the already 3D printed part is moved with respect to the projection and
light-sheet optics, or vice versa. This choice can be made for each axis. For the
lateral axes, it is easiest to actuate the 3D printed object instead of the entire bulky
optical train. The situation is different for the axial dimension, not the entire
optical track would need to be moved since modern microscope objective lenses
are designed for a conjugate image at infinity, i.e., for collimated beams at the
entrance pupil. However, the free working-distance of high NA objectives is only
a few hundred micrometers, which again would limit the axial printing range.
Moreover, if the projection objective is moved, also the light-sheet beam must be
tracked accordingly, requiring precise synchronization of both systems. No such
difficulties arise when moving the printed object.

In volumetric printing, it has become common to actuate the 3D printed object
by moving the photoresin container [5, 6, 11]. Thereby, the 3D printed object
floats in the photoresin and no solid printing substrate is needed, which can
be considered an advantage for some applications. However, for light-sheet
3D microprinting, this approach has four disadvantages. First, to avoid inertial
drifts of the printed structure within the liquid, no rapid accelerations must be

3 e.g., Thorlabs L637G1

4 These are the actual dimensions of the light-sheet used below.
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Figure 8.4: Diffraction of the light-sheet beam at the photoresin-substrate interface.
The false-color diagrams show the time-averaged, globally-normalized absolute
value of the Poynting vector obtained in finite-element calculations using the Comsol
Multiphysics software package (using the Paradiso solver, a maximum mesh element
size 0.2λ2/n, and perfectly matched layers at all boundaries except at the beam
input plane). The refractive index of the photoresin monomer is nm = 1.489 and of
the glass substrate, which is highlighted by the white frame, is ng. In accordance
with the coordinate system of the light-sheet 3D printing setup below, the Gaussian
beam is propagating in −x-direction, the beam is polarized in the y-direction (TE-
polarization) and its geometrical focus is located at the origin, i.e., x = z = 0 µm. a,
ng = 1.4691. b, ng = 1.514.

made to the photoresin container. This prohibits fast stitching. Second, extended
printing sessions are problematic since the printed structure sediments within the
photoresin container due to its higher density. Third, the limited working-distance
of the projection objective lens limits the maximum axial extent of the printed
structure. And finally, a movement of the photoresin container implies that the
distance the projection beam propagates in the photoresin changes for every layer.
Accordingly, due to the photoresin’s extinction, the intensity in the focal plane
changes and, due to the changing propagation length in media with different
refractive indices, aberrations occur. In conclusion, substrate-free printing entails
several disadvantages in light-sheet 3D microprinting.

The previous paragraph outlined the necessity for a 3D printing substrate. Next,
the substrate geometry and material requirements are discussed. The flat glass
substrates commonly used in 3D nanoprinting are not practical in light-sheet
3D microprinting since their large surface area leads to drag within the viscous
photoresin. Preferably, the substrate should be small in diameter and sufficiently
long, such that it can be dipped into the photoresin container. Since both laser
beams are focused to high intensities, the substrate should not substantially
absorb light, to avoid heating or burning, nor should the substrate strongly reflect
light, to avoid interference effects and polymerization in undesired locations.
These conditions have led to the choice of glass rods as 3D printing substrate.
Transparent plastic 3D printing filament is an alternative substrate.
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The refractive index mismatch of the substrate and the photoresin is important to
actually see the substrate and to position it in the photoresin cuvette. However,
the mismatch also leads to reflection and diffraction effects of the laser beams.
For the projection beam, whose chief ray impinges almost perpendicular on the
substrate, only little intensity is reflected and no pronounced interference effects
are observed. The situation is different for the light-sheet beam. The result of 2D
finite-element calculations of the local intensity of a light-sheet beam, propagating
through the photoresin, and being diffracted at the edge of a glass substrate
with refractive index nG is shown in Figure 8.4. The calculations are performed
for two different substrate refractive indices. The laser beam intensity vanishes
in locations close to the substrate surface, which is clearly undesired since the
photoresin would not polymerize in those locations. Therefore, 3D structures
would not adhere to the substrate.

To overcome this problem, the substrate surface is angled relative to the incident
light-sheet beam (see Figure 8.5). Thereby, the light-sheet does not propagate
through the substrate before arriving at the actual printing location. Still, the large
angle of incidence leads to a strong reflection at the photoresin-glass interface,
despite the nearly matched refractive indices. The reflected waves lead to an
interference pattern of the light-sheet beam in the photoresin. Again, for small
angles, the intensity close to the interface becomes zero (see panel Figure 8.5a).
However, the period of the intensity modulation decreases for smaller angles of
incidence and a nonzero light-sheet intensity is obtained close to the interface
(Figure 8.5d). Therefore, the substrates used in 3D light-sheet microprinting must
be mounted at an angle relative to the light-sheet plane (xy-plane).

In light-sheet 3D microprinting, the choice of objective lenses is more challenging
than in focus-scanning 3D laser nanoprinting since two objectives lenses must
be brought in close proximity to superpose their focal planes under a right
angle. However, for most objective lenses, a compact housing is no design
requirement. Therefore, objectives with long working distances are required.
Many long working-distance microscope lenses exist for the light-sheet objective
since it is focused with a low NA. For the projection objective lens, which needs to
have a higher NA, the choice is limited. Moreover, to avoid spherical aberrations
due to the refraction at the interfaces between the immersion oil, the photoresin
container, and the photoresin itself, an objective lens comprising an immersion
medium correction collar is preferable. For this purpose, a suitable 63×/NA1.2
immersion microscope objective with a free working distance of 660 µm was
identified. Since this is an immersion lens, it should be mounted in vertical
orientation to avoid runoff of the immersion fluid.

Finally, we discuss the requirements for the photoresin container. Both, the pro-
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Figure 8.5: Diffraction of the light-sheet beam at the angled photoresin-substrate
interface. The parameters in this figure are the same as in Figure 8.4b, except for the
angle of incidence α, which is varied in the range 86–80◦. The pivot point is located
at the origin. Adapted from Ref. [12] with permission from Springer Nature.

jection and the light-sheet beam, must be superimposed in the liquid photoresin,
which hence must be contained in a transparent vat with optically clear sides.
Spectroscopy cuvettes are the natural choice for this purpose. However, the base
plate of common cuvettes is not polished. This is problematic since the vertically
mounted, high-NA objective needs to focus through the base plate into the cuvette.
Thus, plastic cuvettes are used, whose base plate is sawed off and replaced by a
thin microscope glass coverslip.

8.1.3 Elements of the Setup

Figure 8.6a shows a schematic of the assembled light-sheet 3D microprinting setup.
It consists of four elements: the light-sheet beam path, the projection beam path,
the photoresin container, and the substrate. In this section, the materials and
devices used for the light-sheet path, the projection path, the cuvette, the substrate,
and the electronics are presented.

The light-sheet beam path consists of a 6 W output power, 660 nm emission-
wavelength solid-state laser (Laser Quantum GmbH, axiom). The 0.85 mm 1/e2-
diameter laser beam is shaped by a 1◦ fan-angle Powell lens (Laserline Optics
Canada Inc, LOCP-8.9R01-1.0), which is an aspheric lens with a large conic
constant. The beam is then focused and collimated by a set of spherical and
cylindrical lenses (Thorlabs GmbH, LA1131-A-ML, LJ1629RM-A, and LJ1267RM-
A), before it is focused into the photoresin container by a microscope objective (Carl
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Figure 8.6: The light-sheet 3D microprinting setup. a, Schematic of the light-sheet
setup. The following abbreviations are used: AL: aspheric lens, PBS: polarizing
beam splitter, BD: beam dump, TL: tube lens, LCD: liquid crystal display, CAM:
camera, OL: objective lens, CL: cylindrical lens, SL: spherical lens, PL: Powell lens.b,
Photograph of the encircled area of a. The photoresin cuvette is mounted atop of
the high-NA immersion-objective. The substrate is dipped from the top into the
photoresin and the light-sheet beam is focused by the objective lens at the right.
Created using “ComponentLibrary” [116] by Alexander Franzen (CC BY NC 3.0) and
adapted from Ref. [12] with permission from Springer Nature.

Zeiss AG, Epiplan 5×/0.13). The light-sheet beam is polarized in the y-direction.
A more detailed list of the optical path is supplied in Table A.2.

The projection beam path consists of four 6 W output power, 440 nm wavelength
multi-mode laser diodes (Lasertack GmbH, PD-01231), which are coupled into
a 1 m long rectangular-core fiber (Ceramoptec GmbH, NA 0.22, 810 × 405 mm2

core dimensions). The homogenized beam at the output of the fiber is collimated
by a microscope objective (Carl Zeiss AG, EC-Epiplan-Neofluar 20×/0.5). Next
the collimated beam is polarized by a polarizing beam splitter (Thorlabs GmbH,
PBS251) and its polarization axis is rotated by a zero-order half-wave plate (Thor-
labs GmbH, WPH10M-445). A 150 mm focal-length achromatic doublet (Thorlabs
GmbH, AC254-150-A-ML) focuses the collimated beam, which is reflected at
a second polarizing beam splitter5 (Thorlabs GmbH, PBS251) and transmitted
through a zero-order quarter-wave plate (Thorlabs GmbH, WPQ10M-445). The lat-
ter converts the linear polarization to a circular polarization. The focused beam is
reflected at the 1920 × 1080 px resolution, 720 Hz frame-rate LCOS display (Holo-

5 The combination of two polarizing beam splitters is needed to illuminate the display with light
of a high degree of polarization. The extinction ratio of the polarizing beam splitters in the
reflected beam is only 20 : 1.
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eye GmbH, HED4552). Light being reflected by nominally white pixels changes
the handedness of the circular polarization state, whereas light being reflected
by black pixels retains its handedness. The reflected light passes again through
the quarter-wave plate, converting the circular polarization to linear polarization
with perpendicular polarization axes for black and white pixels. At the second
polarizing beam splitter, beams from nominally white pixels are transmitted and
collimated by a tube lens (Thorlabs GmbH, ITL200). At this location, the measured
contrast ratio between white and black pixels is 314. The collimated beam is
then focused by a high-NA objective lens (Carl Zeiss AG, LD LCI Plan Apochro-
mat 63×/1.2 Imm Corr DIC). This objective lens comprises a correction collar to
minimize spherical aberrations caused by mismatched immersion media. The
correction collar is set to a refractive index of n ≈ 1.5. The objective lens focuses
the beam through a thin layer of immersion fluid (Carl Zeiss AG, Immersol 518F)
into the photoresin container. A more detailed list of the optical path is supplied
in Table A.3.

The photoresin container consists of an UV-transparent, solvent-resistant, square
plastic cuvette (Brand GmbH & Co KG) with an internal wall distance of 1 cm. The
cuvette is cut to a height of 5 mm, with its base plate removed. A ≈ 100 µm thin
microscope glass coverslip (Thorlabs GmbH, CG00C) is glued by an UV-curable
adhesive (Norland Products Inc., NOA63) to the bottom of the plastic cuvette. For
a precise alignment of the cuvette within the light-sheet 3D printing setup, the
cuvette is mounted on goniometric and linear-translation stages.

Finally, the 1 mm diameter cylindrical glass rods (Hilgenberg GmbH) are cut
to a length of 13 mm. To obtain a flat printing substrate, the glass rods are
manually polished by grinding them on wetted sandpaper (Starcke GmbH & Co
KG, Matador series) at an angle of ≈ 8◦. For aligning the light-sheet, a 45◦ angled
glass rod is prepared. The glass rod substrates are positioned by a set of precision
stages. For coarse z-positioning, a 13 mm travel-range stepper-motor actuated
stage (Physik Instrumente GmbH & Co KG, L-306.011112) is used. For rapid
stitching within the xy-plane, a voice-coil actuated stage (Physik Instrumente
GmbH & Co KG, V-528.1AA) with a 20 mm travel-range is employed. Finally,
the sample is rapidly actuated and positioned in the z-direction by a low-inertia
piezo-stage (Physik Instrumente GmbH & Co KG, P-622.ZCD). The travel-range
of the latter is limited to 250 µm. All stages are stacked vertically on top of each
other. The stack is mounted hanging from a breadboard, which is mounted on an
optical table.

The LCOS display is controlled by an FPGA, which receives the display image
sequence via a high-definition multimedia interface (HDMI) connector. The
image sequence is encoded in a 4K resolution (3840 × 2160 px) color frame video
stream with 60 Hz frame rate. At the FPGA, each frame of the video-stream is
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decoded into 12 separate 1920 × 1080 px grayscale frames. The frame display at
the LCOS display and the movement of the stages is concerted by a dedicated
software, programmed in C++, and running on a stock Debian GNU/Linux
operating system on a computer equipped with a graphics processing unit (NVidia
GeForce GTX970). The programming of the software interface and the setup of
the computer was done by Frank Hermann, details of the implementation can be
found in his Bachelor’s thesis.

8.1.4 Optical Performance

In this section, the optical performance of the designed 3D light-sheet printer is
evaluated.

8.1.4.1 Projection Focus Characterization

The focus quality of the projection beam is characterized by ray tracing calculations
in an optical design software (Zemax LLC, OpticStudio). Therein, the output of
the homogenizing fiber is modeled as a Gaussian apodized ray bundle with an NA
of 0.22 and the wavelength λ2 = 440 nm. The rays are then propagated through
the setup, according to the lens data provided in Table A.3. Three components
of the setup are proprietary compound lenses however. The first compound
lens, the Zeiss 20× objective, is substituted by a thin paraxial lens with focal
length f = 165 mm/20 = 8.25 mm.6 The second compound lens is a model
ITL200 tube lens, which is substituted by the similar model TTL200 (both Thorlabs
GmbH), for which a ray tracing model exists. Finally, the high-NA objective lens
is substituted by lens data from a Zeiss patent for an objective lens with matching
characteristics [219].

For the ray tracing, all pixels of the LCOS display are assumed to be in the “white”
state, which allows the display to be modeled by a perfect mirror surface. Let us
briefly consider the opposite case, in which a beam is reflected only at a small
area of white pixels and all remaining pixels are in the black state. In this case, the
display acts as a pinhole, diffracting the reflected beam, and thereby increasing
the NA of the beam.
Thus, in the ray-tracing model, the NA in the photoresin is effectively limited to
4.3 · 0.22 = 0.95 by the 4.3× magnified NA of 0.22 of the optical fiber. In contrast,
for arbitrary displayed LCOS-patterns, the NA can be larger than this value and is
ultimately limited by the NA of the objective lens.

Figure 8.7 shows numerically calculated PSF data of the projected beams in the

6 The Zeiss tube length reference focal length is 165 mm [140].
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Figure 8.7: Calculated PSF of the projection path. The PSF data is computed in the
software Zemax OpticStudio using the Huygens-PSF function, which computes the
coherent, amplitude-weighted superposition of plane waves, taking into account the
light’s polarization-state. In the false-color intensity diagrams, the white dashed lines
indicate the axis used in the 1D intensity cuts. In the 1D intensity cuts, a Gaussian
distribution (red line) is fitted to the calculated data. a, Data for the focus located at
x = y = 0 µm, i.e., which is centered in the projected field of view. The difference in
the lateral PSF-diameters results from the linear polarization along the y-axis. b, Data
for the focus located in the corner of the projected field of view, i.e., at x = 44 µm
and y = 79 µm. The same colorbar is used for all false-color diagrams. The field
shown in panel b is also normalized to the maximum intensity of the PSF in panel a.
Adapted from Ref. [12] with permission from Springer Nature.

photoresin (refractive index nm = 1.489). The central focus shown in panel a has a
mean lateral FWHM-diameter of 270 nm. The lateral FWHM area covers the area of
8.5 projected pixels. This means, that of the 1920× 1080 px = 2.1 · 107 px projected
by the LCOS, only 2.5 · 106 px are optically resolved in the photoresin. Thereby,
pixelation artifacts are smoothed at the expense of a lower voxel printing rate. The
axial FWHM-length of the isolated PSF is 1261 nm and hence approximately three
times smaller than the light-sheet height (see below). However, for larger exposed
areas, the axial FWHM-height increases rapidly, leading to a better overlap with
the light-sheet beam. In panel b, PSF data for a focus in the corner of the projected
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area is shown. While some coma-like aberrations can be seen in the false-color
intensity diagram, the peak intensity (see 1D cut) is only slightly below the peak
intensity of the on-axis focus shown in panel a. Moreover, the lateral FWHM-
diameter is only 1 % larger than the corresponding diameter of the on-axis focus.
This consistency of the PSF data is important to achieve uniform print results
across the entire projected field.

8.1.4.2 Light-Sheet Characterization

To characterize the light-sheet beam, a complementary metal-oxide-semiconductor
(CMOS) camera (Teledyne FLIR LLC, BFLY-PGE-31S4M-C) is scanned along the
x-axis, which is the propagation direction of the light-sheet beam. Since the light-
sheet beam-height is of similar size as the camera’s pixel size (3.45 × 3.45 µm2),
the camera is also scanned with sub-pixel accuracy along the z-direction, i.e.,
along the focused axis. At each location, an image of the intensity distribution
is recorded. The sub-pixel-shifted images are then interleaved and stacked to a
3D array. To obtain the light-sheet FWHM height at each x- and y-coordinate,
a Gaussian distribution is fitted to the intensity profile along the z-direction.
However, the thereby obtained beam height is convoluted by the camera’s pixel
size. To correct for the finite pixel size, the measured light-sheet height is corrected
by a factor derived from a calibration curve (see Figure A.1). This calibration
curve is obtained from Gaussian curve fits on Gaussian distributions, which are
convoluted with a 3.45 µm-wide square function.

Figure 8.8 shows the results of the measured 3D intensity array and the parameters
obtained in the fitting procedure. The total optical power of the light-sheet in
the focal plane is 3.6 W. At a laser output power of 6 W, this value corresponds
to a 60 % transmission. In Figure 8.8a, the FWHM-intensity is plotted versus the
beam propagation direction x. In the focus of the light-sheet, a local intensity
of 6 mW µm−2 is reached. At the edge of the red-shaded area, which is at x =
±45 µm, the intensity decays to approximately 4 mW µm−2. Note that in the
photoresin, the Rayleigh range is longer by a factor n than in air (see Equation 8.1)
and therefore, the intensity at the edge of the field of view is underestimated.
These intensities can be compared directly to the threshold-intensities obtained in
the point-scanning experiments (Figure 7.7). In the point-scanning experiments
at the scan speed v = 100 µm s−1, the two-color polymerization curves of the
screened monomers plateaued above 10 mW µm−2. Figure 8.8b shows a cut of the
light-sheet beam’s intensity profile at x = 0 µm. The profile is flat at the most part
of the projected image. Towards the edges, the intensity decays to approximately
50 % of the plateau intensity. The light-sheet FWHM-height versus x is shown in
Figure 8.8c. The profile agrees well with the profile of an ideal Gaussian beam
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Figure 8.8: 3D characterization of the light-sheet beam. The intensities are measured
in air at a reduced laser power. The absolute values are derived by scaling the data
for a laser power of P2 = 6 W. “Deconvoluted data” refers to parameters obtained
from a Gaussian curve fit along the z-direction of the 3D dataset. The light-red
shaded area and the white dashed lines highlight the projected image area in air,
which is centered at x = y = z = 0. The arrows in the upper right corner of the
panels indicate the beam propagation direction. a, Intensity I2 at y = z = 0. b, Peak
intensity I2 at x = 0 µm. c, Light-sheet FWHM-height plotted against x. The orange
dashed line outlines the profile of a Gaussian beam with a FWHM-height of 3.5 µm.
d, Measured intensity at x = 0 µm. e, Measured intensity at y = 0 µm. f, Maximum
intensity projection along the z-direction. Adapted from Ref. [12] with permission
from Springer Nature.
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with a 3.5 µm FWHM beam-height and a Rayleigh range of 85 µm in air. While the
Rayleigh range is longer in photoresin than in air (a refractive index of n = 1.48
results in a Rayleigh range of 125 µm), the beam height is not affected by a change
of refractive index. The figures Figure 8.8d, Figure 8.8e, and Figure 8.8f show 2D
false-color intensity diagrams at x = 0 µm, y = 0 µm, and z = 0 µm respectively.
The latter depicts the maximum intensity projection. Overall, these data show that
the Powell lens is suitable for shaping a uniform light-sheet beam.

8.2 Lightsheet 3D Microprinted Structures

Ultimately, the capabilities of a 3D printer can only be assessed by actually printing
3D structures. First, the 3D printing workflow is presented, then the voxel size is
characterized by printing line arrays, and finally, results of exemplary 3D printed
structures are shown.

8.2.1 3D Printing Workflow

The 3D light-sheet microprinting setup is prepared by pipetting 150 µL of photo-
resin into the cuvette. The cuvette is then positioned in the setup with the help
of cameras. To precisely align the light-sheet to the focal plane of the substrate,
a 45◦ wedged-end glass rod is mounted in the setup such that the low-powered
light-sheet beam is reflected at the wedge-photoresin interface into the high-NA
objective lens. The collected light-sheet beam is observed using a camera mounted
at the idle port of PBS2 in a plane conjugate to the LCOS display. The light-sheet
is positioned by an adjustment mirror mounted near the entrance pupil of the
light-sheet objective lens. After the light-sheet alignment, the 45◦ wedged-end
glass rod is replaced by the printing substrate.

Right before printing, the light-sheet laser output power is increased to 6 W (3 W
for the suspended line gratings). Then, the job file is loaded on the real-time
computer. This step takes a few seconds to load the image sequence, the stage
movement commands, and the laser trigger commands from the hard disk into
the memory. Once these prerequisites are finished, the exposure is initiated. First,
the light-sheet shutter is opened. Then, the blue laser is switched on, and, after a
few milliseconds, the image sequence is displayed on the LCOS display. Due to
the inertia of the piezo-stage and the thereon mounted sample, the piezo-stage
accelerates on a run-up distance of 6 µm. If multiple structures are stitched next
to each other, the blue laser is switched off during sample repositioning, whereas
the slower shutter of the light-sheet beam remains open. A few milliseconds after
the exposure is finished, the blue laser is switched off, and the light-sheet shutter
closes.
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After printing, no time-consuming post-exposure by a UV lamp [11, 52] is required.
The substrate is developed by dipping it into acetone for 30 s and subsequently
dried in air. The suspended line gratings shown below are developed by supercriti-
cal drying in acetone to ensure structural integrity. The cuvette with the remaining
liquid photoresin is cleaned by washing it for 15 min in spectroscopy-grade iso-
propyl alcohol and subsequently rinsing it with isopropyl alcohol before it is dried
in a gentle nitrogen stream.

8.2.2 Voxel Size and 3D Printing Rate

To measure the voxel printing rate, suspended lines are printed with a variable
nominal linewidth in the range of 0.5–2.0 µm. Figure 8.9a shows a scanning
electron micrograph of an array of 3D printed lines. Sets of four 30 µm long lines,
spaced by 6 µm, are printed by exposing a single layer for 5 ms at an intensity
of 160 mW µm−2. Two parallel 5 µm thick walls serve as support structure. The
light-sheet laser is set to an emission power of 3 W to avoid saturation effects.

High-resolution scanning electron micrographs are used to measure the width
and height of more than 150 printed lines. The measured width (height) is plotted
as blue points (orange crosses) in Figure 8.9b. Small icons represent individual
measurements, and large icons average values. The linewidth increases monotoni-
cally with an increasing target linewidth. However, the measured averaged widths
are all below the targeted width (blue line), which can have several causes. First,
acrylic monomers are known to shrink upon polymerization and development,
with typical linear shrinkage ratios on the order of 10 % [220]. Shrinkage alone is
unlikely the only effect since the observed linewidth deviation is larger than 15 %,
especially towards small linewidths. A second cause for the reduced linewidth is
the limited modulation transfer function of the LCOS projection system, smearing
out the nominally rectangular spatial excitation profile. In the threshold model,
the binarization of the smoothed profile leads to a reduced linewidth. The extent
of this smoothed profile can be estimated from the calculated lateral PSF pro-
file shown in Figure 8.7. Finally, diffusion effects can also explain the reduced
linewidth. Before the polymerization reaction in the optically excited volume sets
in, quencher and scavenger molecules must be sufficiently depleted [60, 88]. In the
periphery of the exposed volume, the concentration of the polymerization inhibit-
ing molecules can be replenished by in-diffusion from the unexposed surrounding,
leading to a faster polymerization in the center of the exposed volume. The
observed taper of the lines towards the bulky walls indicates that diffusion-based
proximity effects occur within the photoresin.

The smallest shown lines are printed with a 6 px wide projected profile and
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Figure 8.9: 3D light-sheet microprinted lines to measure the voxel size. a, Electron
micrograph of 3D printed suspended lines, which are spaced by 6 µm within each
set. The used blue laser beam intensity is set to 160 mW µm−2 and the light-sheet
laser power is set to 3 W. b, Plot of the measured linewidths (points, left vertical axis)
versus targeted linewidth (horizontal axis), and the measured line heights (crosses,
right vertical axis). The small icons indicate individual measurements, whereas the
large icons indicate averaged values. For data points on the blue line, the target
width equals the measured width. Adapted from Ref. [12] with permission from
Springer Nature.

result in, on average, 320 nm wide lines. However, one third of these lines broke,
either during printing or during development. Hence, the smallest reproducibly
printed lines are dvx = 500 nm wide and are printed with a target linewidth
of 750 nm (or 9 px). The corresponding line height, and hence voxel height, is
hvx = 2.2 µm, from which the voxel aspect ratio of hvx/dvx = 4.4 and a voxel
volume of (0.5 µm)2 × 2.2 µm = 0.55 µm3 are derived. For larger target linewidths,
the light-sheet beam height confines the line height to a value of approximately
4 µm.

From these measurements, a voxel peak printing rate can be calculated [48]. From
the d̃vx = 9 px wide projected voxel diameter, a voxel area of πd̃2

vx/4 = 63.6 px2 is
calculated (assuming a round voxel shape). Hence, of the 2.1 · 106 projected pixels,
3.3 · 104 lead to resolved voxels. With the line grating exposure time of 5 ms, a
peak voxel printing rate of 7 · 106 voxels s−1 is obtained and thereby a volume
printing rate of 3.85 · 106 µm3 s−1.

8.2.3 3D Structures

To showcase the flexible 3D printing capabilities of the light-sheet 3D microprinter,
several 3D structures are printed, which are shown in the SEM gallery in Fig-
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Figure 8.10: Scanning electron micrographs of 3D light-sheet microprinted struc-
tures. All inset scale bars are 50 µm long. a, Three knot-like structures printed in
parallel on the slanted glass rod substrate. b, Four buckyballs with a diameter of
80 µm. c, A fleet of five #3Dbenchy boats. Each boat is 3D printed by stitching one
boat behind the other. All parts are printed with a substrate z-velocity of approxi-
mately 350 µs. Adapted from Ref. [12] with permission from Springer Nature.

ure 8.10. Panel a shows three knot-like structures on the slanted glass rod substrate.
All three structures are printed simultaneously within 153 ms. For comparison, in
multi-photon 3D nanoprinting experiments of the same structure, a single knot
is printed in 2 s (not shown). Panel b shows a series of 80 µm buckyballs, each
printed in 250 ms. The bucky balls show a good reproducibility and overall struc-
tural quality. Finally, in panel c, a stitched fleet of five #3DBenchy7 boats is printed,
which allows for comparison with many other 3D printing approaches. Each boat
fits into one printing field and is printed within 266 ms. At the base of the boat, a
rippled structure can be seen, which is attributed to the standing wave pattern
generated by the reflected light-sheet (compare Figure 8.5). Overall, the boat is
more challenging to print than the other presented structures since its bulky hull
has a filling fraction of 100 %, leading to proximity effects in adjacent layers. To
pre-compensate this over-exposure, the blue laser beam intensity is reduced in
areas of high filling fraction by displaying gray-scaled slices on the LCOS display.
This proximity effect prohibits also the printing of larger structures, for which
parts of the photoresin outside the focal plane start to polymerize, distorting the
projected image.

Examples of 3D printed metamaterial structures are shown in the scanning electron
micrographs in Figure 8.11. Panel a shows three stacked pairs of a chiral metama-
terial unit cell, which are printed in one printing field, i.e., without stitching. The
projected pattern of the two neighboring unit cells is 155 µm wide, covering almost
the entire field of view. Despite the homogeneities observed in the light-sheet
characterization (see Figure 8.8), no irregularities are observed in the 3D printed
structure. The inset reveals the overall good structure quality, with little proximity

7 www.3dbenchy.com
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Figure 8.11: Scanning electron micrographs of 3D light-sheet microprinted metama-
terial unit cells. a, Chiral metamaterial unit cells [120]. The inset shows a magnified
view. b, Five stacked quarter-cut metamaterial unit cells, which were designed to
yield a roton-like acoustical dispersion [221]. The inset shows a colored rendering
of the unit cell for visual assessment. Adapted from Ref. [12] with permission from
Springer Nature.

in locations of high filling fraction. Each unit cell has a side length of 78 µm,
making it comparable with the results shown for the multi-focus multi-photon
3D nanoprinting (see chapter 4). In contrast to the parallelized multi-photon 3D
printing results, where a single unit cell took approximately 1.6 s, all six unit cells
shown here are printed in 1.4 s, or 117 ms per unit cell, albeit at the expense of
spatial resolution. On further inspection, striation-like artifacts can be observed
on the 3D printed structure. This artifact can be speculatively attributed to the
static speckle-pattern caused by the multi-mode fiber beam-homogenization.
Panel b shows a stack of five quarter-cut metamaterial unit cells which were
originally designed to yield a roton-like acoustic dispersion [221]. This struc-
ture is challenging to fabricate by other 3D printing methods like, for instance,
multi-photon 3D printing since it contains overhanging structures (see rendered
inset), which tend to drift off in the liquid photoresin. These overhanging parts
are unproblematic for the presented 3D light-sheet microprinter. The entire stack
is printed within 583 ms, offering little time for parts to drift away.
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8 light-sheet 3d microprinting

8.3 Discussion

In this chapter, I have presented and characterized a light-sheet 3D microprinter.
Starting from initial requirements and design considerations, a complete setup
was designed and assembled from scratch. The optical performance of the setup
was characterized in ray tracing calculations and in beam measurements. Finally,
3D structures were fabricated to benchmark the 3D printer’s spatial resolution,
peak printing rate, and versatility.

As can be seen from the benchmark diagram in Figure 2.1, the achieved voxel
printing rate of 7 · 106 voxels s−1 stands in the forefront with other high-speed
3D printing approaches, and the obtained voxel size of 0.55 µm3 is two orders of
magnitude smaller than that of the only other presented light-sheet 3D printer [11].

The primary objective of light-sheet 3D microprinting is a high printing rate.
Starting from the existing setup, there are two general options to increase the
printing rate further. Either each voxel is exposed shorter, or more voxels are
exposed in parallel. Both options are discussed.

The first option, a decreased exposure time, is currently limited by the available
light-sheet laser power. Hence, either higher laser intensities are necessary, or the
photoresin must become more sensitive, i.e., possess lower threshold intensities.
As discussed in subsection 8.1.2, powerful lasers in the red spectral region are
scarce, especially with a single-transverse-mode beam. Hence, a better way to
decrease the exposure time might be to increase the sensitivity of the photoresin.
In this regard, the quencher molecule TEMPO introduced in the photoresin is an
unfortunate necessity. On the one hand, it reduces the one-photon triggered side
reaction and increases the resin’s threshold contrast. On the other hand, it leads
to a higher polymerization threshold intensities. Therefore, finding a two-color
two-step initiator that suffers less from the one-photon triggered reaction could
indirectly lead to a more sensitive photoresin.
Furthermore, the sensitivity of the photoresin can be raised by modifying the
photoinitiator in order to obtain an increased excited-state extinction coefficient.
Conversely, the excited-state absorption spectrum of the two-color two-step photo-
initiator can be shifted to a wavelength where more powerful lasers are readily
available, e.g., to the wavelength 532 nm. Directions on shifting the excited-state
spectrum can be taken from the literature [222].
Finally, the photoresin can be sensitized by increasing the intermediate-state life-
time. Ideally, the excited-state lifetime should equal the voxel exposure time. From
the characterization experiments in section 7.4, it is known that the intermediate-
state lifetime is lower than 300 µs and hence more than a magnitude shorter than
the voxel exposure time.
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8 .3 discussion

For the second option, i.e., increasing the amount of simultaneously exposed
voxels, again, either a more sensitive photoresin or more powerful lasers are
needed. Moreover, the optics need to be adapted. In the presented projection path,
one resolved projected laser focus covers the area of nine pixels. This can be easily
changed by decreasing the magnification of the projection telescope. However, a
lower magnification is only half the share since the voxel size that is resolved by
the photoresin is yet larger and covers the area of 64 pixels in the presented setup.
Improved photoresin formulations that are less prone to proximity effects could
help, for instance by going to less viscous photoresin formulations, for which it is
known from multi-photon printing, that higher resolutions can be achieved [61].

To really benefit from a high printing rate, the printing time itself should repre-
sent the largest share of processing time. As with every 3D printing approach,
there is overhead: setting up the printer, positioning of the sample holder, and
development. Currently, this overhead takes 15 min, which is much longer than
the typical second-long printing time itself. Thus, these processing steps should
be automated.

Finally, the presented photoresin effectively limits the maximum size of the printed
structures. After prolonged printing times, the photoresin polymerizes in out-
of-focus locations due to proximity effects, which are caused by a single-color
triggered polymerization reaction. Ideally, a two-color two-step photoinitiator
with a completely inert intermediate state can be identified. Therefore, the nature
of this reaction should be clarified (see section 7.5). However, there is also a
pragmatic solution to avoid the out-of-focus dose accumulation by adding a
microfluidic photoresin flushing system to the setup [223]. Yet a further way to
suppress the intermediate state reaction in out-of-focus areas could be achieved
by using selectively activated photoinhibitors or by replacing the glass coverslip at
the cuvette base by an oxygen-permeable window as is the case in CLIP [37, 224].
The in-diffusing oxygen scavenges radicals in out-of-focus planes and thereby
suppresses proximity effects [225].

Two-color two-step photoinitiators could also be useful in applications besides
light-sheet 3D microprinting, for instance in CAL, where a photoresin is exposed
to projections of the printed object from many angles. Exposing the photoresin
simultaneously with beams of two different wavelengths incident from different
directions can be used to decrease the voxel size and hence to increase the
resolution [226].
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9
Chapter 9

Conclusions and Outlook

In the scope of this thesis, I have conceived and demonstrated concepts for fast and
affordable additive manufacturing of 3D structures on the micro- and nanoscale.
Starting from the original goal for the thesis, “conceptual development of 3D laser
lithography”, aiming at a parallelized multi-photon 3D nanoprinting, the ideas of
two-step absorption and light-sheet 3D printing evolved.

In chapter 2, I have reviewed different state-of-the-art 3D printing technologies
in terms of voxel size and voxel printing rate. Based on these two figures of
merit, various 3D printing approaches can be universally benchmarked in terms
of printing resolution and printing speed. From this benchmark, two aspects
became clear. First, despite the serial voxel exposure in focus-scanning 3D printing
methods, they are not inferior in their voxel printing rate compared to projection-
or tomography-based 3D printing techniques. Second, so far, instances of multi-
focus multi-photon 3D printing have been slower in their voxel printing rate than
the fastest single-focus multi-photon printer.
Next, I introduced the threshold model and the accumulation model. Together,
both models describe the photoresin response in photopolymerization 3D printing.
I then defined the voxel size using the threshold, the accumulation model, and
the generalized Sparrow resolution criterion.

In chapter 3, I have explained that the parallelization in previous works in multi-
focus multi-photon 3D printing was at the expense of drastically reduced focus
scan speeds. I further argued that for fixed laser power, a maximum printing rate
is achieved by single-focus scanning. However, for galvanometer-based scanning,
the printing rate is limited by the scan speed and not by the available laser power,
allowing some degree of parallelization. Hence, a custom multi-focus multi-
photon 3D printing setup comprising water-cooled high-speed galvanometer
mirrors and a field-programmable gate array (FPGA) control unit was built. In
this setup, a multi-photon-printed diffractive optical element (DOE) was used
to split the laser beam into an array of 3 × 3 beamlets. Importantly, the angular
dispersion of this diffractive beam splitter was compensated using a refractive
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9 conclusions and outlook

telescope.

In chapter 4, I have presented centimeter-scale chiral 3D metamaterial crystals
containing more than 105 large cubic unit cells printed on the multi-focus 3D
printing setup. In comparison, previous studies achieved less than 103 unit cells
in a comparable printing time. The combination of the achieved printing rate ap-
proaching 107 voxels s−1 and the sub-micrometer voxel sizes exceed previous best
figures of merit. Furthermore, metamaterial crystals comprised of modified unit
cells, which are tailored to yield large twist angles, were printed. Characterization
experiments showed the expected twist behavior upon compression, even for the
largest samples.
The fabrication throughput of the multi-focus 3D printed crystals was limited
by three factors: available laser power, scan speed, and the diffraction-limited
field of view of the used optical components. In an outlook, I have presented
an idea for a simple power-efficient beam splitter, which can be used to increase
the number of simultaneously scanned laser foci further. However, the damage
threshold of the used optical components ultimately limits the laser power and
thus the throughput.

In chapter 5, I have presented the idea of one-color two-step-absorption 3D
printing as an alternative to multi-photon 3D printing. In contrast to multi-photon
3D printing, two-step-absorption 3D printing does not depend on bulky and
expensive ultrashort pulsed laser sources but is compatible with compact and
affordable semiconductor diode lasers. Two-step-absorption 3D printing relies on
the sequential absorption of two photons by a suitable photoinitiator molecule.
Based on rate-model calculations, I have derived a condition for the required
nonlinear optical response of two-step-absorption photoinitiators. One central
result was that the intermediate-state lifetime must be shorter than the voxel
exposure time. Based on this criterion and five further criteria, two photoinitiator
molecule candidates were pre-selected.

In chapter 6, I have introduced the two-step-absorption photoinitiator candidate
benzil. I have explained that benzil violates one of the six criteria for good two-
step-absorption initiators, leading to an undesired one-photon-triggered reaction
in a photoresin. To suppress this side reaction, a suitable quencher molecule was
identified and added to the photoresin mixtures. Using a 405 nm laser diode, I
characterized the benzil-containing photoresins in point-exposure threshold power
experiments. The measured threshold power behavior was in good agreement
with the expected threshold power behavior of the rate-model calculations, from
which I have derived an intermediate-state lifetime of approximately 80 µs.
To quantify the 2D printing resolution of the two-step absorption photoresin, I
have printed line gratings. The printed gratings were well resolved, even below
a = 125 nm lattice constant. However, line gratings are of limited use to assess the
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3D resolution. In contrast, woodpile photonic crystals consisting of densely spaced
rods in all three dimensions are a genuine 3D printing challenge and an established
resolution benchmark in 3D nanoprinting. Therefore, I have printed an array of
woodpile photonic crystals with lateral rod spacings in the range of a = 225 nm to
a = 450 nm. We have seen that even the most demanding printed woodpile with
a = 225 nm appeared bright and colorful in optical microscope images, indicating
well-resolved 3D structures. Electron micrographs of ultrathin cuts were prepared
to confirm that the structure’s interior is well resolved. No signs of proximity were
observed in the electron micrographs. Finally, I have fabricated a variety of 3D
microstructures to showcase the flexibility of the approach. Remarkably, buckyball
structures with 5 µm diameter were excellently resolved, and also, the cubic chiral
metamaterial structure could be printed with a lattice constant of 16 µm. However,
some proximity effect was observed for rapidly scanned of voluminous structures.
The structures were printed at printing rates of close to 2 · 104 voxels s−1 and with
laser powers of a few hundred microwatts. Notably, these results were attained
with a pinhead-sized continuous-wave (cw) laser diode, the price of which is a
thousandth of the price of an ultrashort pulsed Ti:Sa laser used in multi-photon
3D printing.

The orders of magnitude lower polymerization laser powers necessary in two-step
absorption than in multi-photon absorption 3D printing offer the possibility for
drastic parallelization, for example, using projection-based approaches. I have
argued that projecting large areas into a one-color two-step-absorption photoresin
leads to a loss of the axial intensity confinement and thereby to a loss of axial res-
olution. As a solution to this problem, I have introduced the concept of light-sheet
3D printing in chapter 7. Light-sheet 3D printing relies on two-color two-step-
absorption photoinitiators with non-overlapping ground-state and intermediate-
state spectra. I have explained why a two-color two-step-absorption photoinitiator
with short intermediate-state lifetime is necessary for high-resolution 3D printing
with high voxel printing rates.
I have characterized the two-step photoinitiator candidate biacetyl in photoresin
mixtures in comprehensive two-color polymerization-threshold experiments. One
central finding was that, as for benzil, an intermediate-state triggered polymer-
ization reaction exists. This reaction has less impact during short exposures, in
low-viscous monomers, and for photoresins that contain the quencher molecule
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). I have confirmed the two-color
two-step absorption behavior by measuring the two-color polymerization thresh-
old for different red laser beam wavelengths. We found that the measured
polymerization threshold spectrum contains the characteristic features of the
excited-state spectrum of biacetyl. Furthermore, I have derived the upper bound
of 300 µs for biacetyl’s intermediate-state lifetime in the photoresin by performing
pulsed-excitation experiments.
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9 conclusions and outlook

From this data and literature reports, I have discussed the possible mechanisms
for the single-color-triggered polymerization, concluding that radicals are formed
most likely in a hydrogen-abstraction reaction. Based on our observations, I have
argued that the triplet-triplet-annihilation reaction does not lead to the formation
of radicals but effectively acts as a quenching mechanism.
Finally, I have presented a rate model which reproduced the measured polymeri-
zation threshold behavior and agreed with the interpretations of the single-color
polymerization mechanism.

In chapter 8, I have laid out the design considerations for a light-sheet 3D micro-
printing setup tailored for the biacetyl two-color two-step photoresins. I have
explained the compromise between a thin light-sheet and a large printing area.
Next, I have presented the components of the light-sheet 3D microprinter and sub-
sequently characterized the light-sheet beam, for which a full-width half-maximum
(FWHM) thickness of 3.5 µm was measured. Finally, 3D microstructures were
printed using this light-sheet printer. I have first characterized the attainable voxel
size by printing suspended line arrays. Based on the measured lateral voxel size of
0.55 µm, a voxel printing rate of 7 · 106 voxels s−1 was derived. To demonstrate the
versatility of the light-sheet 3D printer, I have printed several 3D microstructures.
For most structures, the exposure of one stitching block was finished in a few
hundred microseconds. Entire jobs, comprised of several stitched printing fields,
were printed in about a second.

Outlook

In the discussions in chapter 4, chapter 6, and chapter 8, I have provided per-
spectives for future developments of multi-focus multi-photon 3D microprinting,
two-step-absorption 3D nanoprinting, and light-sheet 3D microprinting, respec-
tively. Here, I discuss the impact on possible future applications, challenges and
adoptions.

Using advanced beam splitting methods and improved photoresin formulations,
fast multi-photon 3D printing with as many as 49 foci is imminent, allowing for
voxel printing rates well beyond ten million voxels per second at sub-micrometer
voxel sizes. The fabrication of large-scale metamaterials will naturally profit of
multi-focus 3D printers, bringing metamaterials closer to real-world applications.
But it is also the field of 3D printing which profits by metamaterial research.
While the material palette in 3D printing has grown steadily, it is admittedly
still limited [1]. One possibility to enhance the material palette is pointed out in
the review on 3D metamaterials by Kadic et al. [121]. Since metamaterials allow
to achieve effective material parameters beyond the properties of the ingredient
materials, dissimilar material properties can be obtained by the substructure of

158



the printed part.
However, when printing with yet higher printing rates, the photoresin becomes
rapidly depleted of oxygen, which is critical for high-resolution 3D printing [60].
In-situ microfluidic photoresin replenishment can help to elude this problem [223].
Alternatively, oxygen-insensitive photoresin formulations might become an attrac-
tive alternative to the acrylic photoresins used herein [227, 228].
Printing with yet more foci requires new, more sensitive photoresin formula-
tions [83]. Importantly, finding photoinitiators with large multi-photon-absorption
cross sections is insufficient. Rather, the the entire polymerization process must
be taken into account [195].

The concept of two-step-absorption 3D nanoprinting results in a massive reduction
in the cost and size of 3D nanoprinters, which leads to a democratization of the
field [229]. Admittedly, it is currently not expected that 3D nanoprinters find their
way into many private households. It is very likely, however, that more research
institutes will adopt 3D nanoprinting due to the more affordable device cost. In
fact, most laser scanning microscopes already contain the suitable laser sources
and optics for two-step-absorption 3D printing. Through the broad dissemination
of the technique, new, yet unforeseen ideas and applications will emerge.
Furthermore, the affordable device cost also fosters conceptual developments in
two-step-absorption 3D nanoprinting. One route could be the development of
photoresins suitable for diffraction-unlimited printing via stimulated emission-
depletion (STED), enabling yet finer 3D nanoprinting.

Using light-sheet 3D microprinting, competitive 3D printing rates have been
demonstrated from the beginning. Looking ahead, this technology has the
potential to boost 3D printing rates well beyond the current state-of-the-art.
Currently, the printing rate is not limited by the photoinitiator’s intermediate-
state lifetime anymore, but by the necessary threshold laser powers. If this
bottleneck is eliminated, the presented setup allows for printing rates of up to
1920 × 1080 × 720 voxels s−1 = 1.5 · 109 voxels s−1. Translated to the chiral meta-
material crystal made of 105 unit cells, this printing rate reduces the two day long
printing time that the multi-focus multi-photon 3D printer needed to less than 30
minutes.
For small samples, the fabrication time is dominated by sample handling and
setup of the 3D printer. Automating these process steps allows light-sheet 3D
printing to compete with the manufacturing times in injection molding.
Another barrier for widespread application of light-sheet 3D printing are prox-
imity effects. With improved photoresin formulations, the impact of proximity
effects will be reduced. Alternatively solutions include in-situ monitoring of the
printing process and machine learning to predict and pre-compensate proximity
effects.
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9 conclusions and outlook

Similar to Moore’s law for the transistor density in semiconductor chips, a group
proposes a biannually doubling of the printing rate in 3D printing [230], bringing
additive manufacturing closer to mass production and a new industrial revolution.
Ultimately, the vision for scalable additive is being able to rapidly print micro-
or nanostructured parts on the meter scale and beyond. However, even with
orders-of-magnitude boosted 3D printing rates, this goal is not in reach for any
3D printing technique in the near future. Consider the example of a 1 m3 large
part printed with 100 nm-sized voxels, which contains 1021 voxels – equivalent to
the information content of one zettabit [83]. Appropriate data storage and transfer
solutions for this amount of data are currently elusive. Combining additive
manufacturing with controlled self-assembly is one suggested solution [83].

Looking back at the time when I started working with multi-photon 3D micro-
and nanoprinting, I had the impression that the field was completely developed
and that there was little left to be discovered. As I have learned firsthand, the
opposite is true, and we are just at the beginning of fascinating advancements.
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Appendix

A.1 Lens Data for the Multi-Focus Setup

Table A.1: Lens data for the lens group LG1 in Figure 3.9. The column “lens name”
indicates the lens name of the Thorlabs GmbH lens catalog. Column r denotes the
radius of curvature, d is the thickness. This table is adapted from Ref. [48] (CC BY
4.0).

# lens name r / mm d / mm material

1 LC1093-B −51.46 4.00 N-BK7

2 infinity 6.71
3 LC1093-B −51.46 4.00 N-BK7

4 infinity 2.73
5 −119.32 7.29 N-BK7

6 LE1418-B −47.87 0.00
7 infinity 6.18 N-BK7

8 LA1979-B −103.01 1.19
9 infinity 8.22 N-BK7

10 LA1384-B −64.38 150.00
11 LA1727-B 386.31 3.83 N-BK7
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a appendix

A.2 Solutions of the One-Color Two-Step-Absorption

Rate-Equation System

The differential equation system 5.2, 5.3, and 5.4 are solved using the software
Wolfram Mathematica. All rate coefficients are expressed in units of kD, the time t
is in units of k−1

D .

[A] (k1, k2, t) =
e−

1
2 t(k1+k2+kX+1)

2kX

·
(

ekXt (−k1 + k2 + kX + 1) + k1 − k2 + kX − 1
)

,
(A.1)

[B] (k1, k2, t) =
e−

1
2 t(k1+k2+kX+1)

kX

(
k1ekXt − k1

)
, (A.2)

[C] (k1, k2, t) =
e−

1
2 t(k1+k2+kX+1)

2kX

·
(

ekXt (−k1 − k2 − kX − 1) + k1 + k2 − kX + 1
)
+ 1,

(A.3)

with the substitution

kX =
√
(k1 + k2 + 1)2 − 4k1k2. (A.4)
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A.3 Lens Data for the Light-Sheet Setup

Light-Sheet Path

Table A.2: Optical path of the light-sheet beam. The value of α denotes the angle
between the toroidal lens’s cylinder-axis rotation and the y-axis of the system. Note
that the light-sheet beam propagates in the −x direction. The radius and the thickness
of the elements are given by the values of r and d, respectively. The distances between
the lenses are obtained by optimizing the light-sheet uniformity since the optimal
distances highly depend on the laser beam diameter. The column “conic” denotes
the conic constant of the element. This table is adapted from Ref. [12].

# type component α / ° r / mm d / mm material conic

1 toroidal LOCP-8.9R01-0.8 90 23.0 7.62 N-BK7 −2 700
2 standard 90 infinity 120 0
3 standard LA1131-A-ML 0 25.7 5.34 N-BK7 0
4 standard 0 infinity 160 0
5 toroidal 90 infinity 4.46 N-BK7 0
6 toroidal LJ1629RM-A 90 −77.5 90 0
7 toroidal 0 infinity 6.53 N-BK7 0
8 toroidal LJ1267RM-A 0 −129.0 120 0
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Projection Path

Table A.3: Optical path of the projection beam. The values of r and d are defined
as in Table A.2. In ray-tracing calculations, the Zeiss 20× objective is substituted by
a paraxial (thin) lens with a focal length f = 8.25 mm. For the Zeiss 63× objective,
lens data from a patent text of a lens with matching characteristics is used [219]. All
distances are optimized in the software Zemax OpticStudio. This table is adapted
from Ref. [12].

# type component r / mm d / mm material

1 standard fiber facet infinity 8.25
2 paraxial Zeiss 20×/0.5 − 8.25 proprietary
3 standard PBS1 infinity 25.40 N-SF1

4 standard infinity 22.00
5 standard λ/2 infinity 1.76 quartz
6 standard infinity 110.00
7 standard TL1 91.62 5.70 N-BK7

8 standard TL1 −66.68 2.20 SF5

9 standard −197.70 10.34
10 standard PBS2 infinity 25.40 N-SF1

11 standard infinity 31.50
12 standard λ/4 infinity 1.75 quartz
13 standard infinity 88.54
14 mirror LCD infinity 0.00
15 standard infinity 88.54
16 standard λ/4 infinity 1.75 quartz
17 standard infinity 31.50
18 standard PBS2 infinity 25.40 N-SF1

19 standard −77.50 11.00
20 standard ITL200 − 28.00 proprietary
21 standard infinity 246.36
22 paraxial Zeiss 63×/1.2 − 45.00 proprietary
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A.4 Light-Sheet Height
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Figure A.1: Calibration curve for the measured light-
sheet FWHM-height. The measured (i.e. convoluted)
FWHM-height is plotted on the vertical axis against the
actual FWHM-height of a gaussian light-sheet beam.
The dashed line with slope 1 is a guide for the eye. Due
to the camera’s finite pixel size of 3.45 × 3.45 µm2, the
light-sheet beam height is overestimated, especially for
small actual light-sheet heights. Adapted from Ref. [12]
with permission from Springer Nature.
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